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Abstract 
Computer models have become increasingly available as a means for science 
students to productively explore myriad scientific phenomena, including natural 
selection. This research involved the design and implementation of a workshop at a 
science education centre in Australia that focused on improving year 10 science 
students’ understandings of natural selection and the development of their ability to 
use representations to generate these new ideas. Key to this workshop was a 
computer session in which the students interacted with three purpose-built computer 
models (created using the software NetLogo) to explore the possible role of malaria 
as a selection pressure on the human genome. Video footage of three pairs of 
students, captured using two tripod cameras, web cameras attached to the students’ 
computers and screencasts that recorded on-screen activity, enabled a multimodal 
and distributed analysis of students’ reasoning. In particular, productive reasoning 
sequences were tracked when the students encountered anomalies generated by the 
models that surprised and confused them. By using the software Studiocode to code 
and analyse three episodes of such reasoning it was determined, using the work of 
Charles Peirce and Lorenzo Magnani, that these students were undertaking abductive 
reasoning; they were using the models to engage in a complex and creative process 
of hypothesising to solve the anomalies. The models functioned as epistemic 
mediators that afforded the students’ abductive reasoning. By constructing and 
observing timelines of these episodes it was established that the students executed 
manipulative, visual and sentential abductive reasoning moves, which were 
supported by particular social moves, that formed distinctive patterns that are 
proposed as principles to define this computer-mediated abductive reasoning. In this 
way, the students’ speculative and intuitive interactions with the models are 
presented as a legitimate form of reasoning, which can be deconstructed in a logical 
manner, that was both multimodal and distributed. These findings suggest that such 
abductive reasoning be acknowledged as an important process in the science 
classroom, and be supported and encouraged as a central part of science students’ 
induction into the discursive practices of science. 
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1 Introduction 
In this introductory chapter I provide an overview of the thesis while also describing 
the broader context in which this study is situated. 
1.1 Inquiry and discovery in the science classroom – Realising school 
science as authentic science 
1.1.1 The pursuit of authentic science in the classroom 
There is currently a global movement underway in science education, including in 
Australia (e.g. J. Clark, Tytler, & Symington, 2014; Hubber, Darby, & Tytler, 2010; 
Symington & Tytler, 2011; Tytler, Symington, Kirkwood, & Malcolm, 2008), to 
bring the science of the classroom (school science) closer to the science of the 
laboratory (authentic science). In order for students to be inducted into the discursive 
practices of science (Gee, 2004, 2008; Lemke, 1990, 2004) and to develop into 
scientifically literate citizens of the 21st Century it is important that authentic science 
have a strong presence in the classroom (Crawford, 2007; Hume, 2009; Waight & 
Abd-El-Khalick, 2011). Only by providing students with opportunities to act and 
think as scientists are they able to develop the knowledge and skills necessary to 
interact with and perceive the world in a scientific way. 
Central to these efforts is the exploration and promotion of higher order 
reasoning (henceforth known as reasoning) and problem solving in science 
education, which has received much attention (e.g. Hogan & Maglienti, 2001; Lehrer 
& Schauble, 2006; Mercer, Dawes, Wegerif, & Sams, 2004; Tytler & Peterson, 
2005; Vosniadou, Skopeliti, & Ikospentaki, 2004). This includes exploring the use of 
digital technology by students to carry out this reasoning (e.g. Basu, Sengupta, & 
Biswas, 2015; Dickes & Sengupta, 2013; Jacobson, Taylor, & Richards, 2015; Virk, 
Clark, & Sengupta, 2016).  
This is evident in the Australian Curriculum: Science (ACARA, 2016), in 
which reasoning is recognised as essential for critical and creative thinking both of 
which are identified as key capabilities for students to learn science. In addition, the 
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curriculum places great importance on students using a variety of these technologies 
(e.g. computer games, computer simulations, data loggers etc.) to practice science. 
Reasoning is an essential skill for students to develop because it is fundamental to 
the practice of science; discovery is made possible by reasoning, it constitutes the 
meaning-making process. And the explosion of new digital technologies, which are 
becoming both more widely available and affordable, offers exciting opportunities 
for students to develop their ability to reason and to make their own scientific 
discoveries in the classroom. 
1.1.2 Inquiry in the science classroom as a close approximation of authentic 
science 
The main way in which this pursuit of authentic science in the classroom has 
manifested in science education is as inquiry. This is an approach to the teaching and 
learning of science that involves teachers providing guidance to students, sometimes 
very little and other times more substantially but always in a strategic way, as they 
encounter specific problems in relation to particular scientific phenomena (Barrow, 
2006; Bevins & Price, 2016; Minner, Levy, & Century, 2010; Schmidt, Loyens, Van 
Gog, & Paas, 2007). Students must reason as a way of constructing their own 
understandings in the process of solving problems, and discovery becomes possible 
if students are sufficiently interested by the phenomenon and supported and 
encouraged by their peers and teachers to undertake this reasoning (Cobern et al., 
2010; Hmelo-Silver, Duncan, & Chinn, 2007; Jiang & McComas, 2015; Zion & 
Mendelovici, 2012). 
 Inquiry in this way closely approximates authentic science because students 
are solving problems by reasoning and so are undertaking discovery in the classroom 
(Crawford, 2007; Haigh, France, & Forret, 2005; Hume, 2009; Waight & Abd-El-
Khalick, 2011). Much of what scientists do is generate and experimentally test 
hypotheses through a process of social collaboration, interacting with scientific 
equipment and scientific phenomena, which can lead to fundamentally different ways 
of viewing the world (Kuhn, 1970; Latour & Woolgar, 1986; Popper, 1959). 
Scientists are discoverers, and inquiry in the classroom, when most successful, must 
involve discovery. 
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1.1.3 Science education centres as locales for discovery 
While inquiry takes place in the school classroom, the informal educational setting of 
science education centres, and similar institutions, have been identified by those 
researching science education as locales that are potentially conducive to students 
learning through discovery (Falk & Dierking, 1992; Falk, Scott, Dierking, & Jones, 
2004; Gregory, 1989; Rennie, 1993, 1994; Rennie & McClafferty, 1996; Stevenson, 
1991). Such centres can be a bridge between the science of school and the science of 
the laboratory, and as such are uniquely positioned to enable students to undertake 
authentic science through inquiry. They are full of the scientific equipment and 
scientific expertise (of the centre staff) that provide students with opportunities to 
generate their own understandings as they explore scientific phenomena and make 
their own discoveries. However it is the collaboration between these centres and 
schools that is likely to lead to the best outcomes for students in terms of developing 
the knowledge and skills necessary to become competent citizens of science (Falk & 
Balling, 1982; Falk & Dierking, 2010; Falk & Needham, 2011). 
1.2 The representation-construction approach – A semiotic approach 
to inquiry 
1.2.1 Inquiry as creating and/or using representations to reason 
One particular form of inquiry is the representation-construction approach. This is an 
approach to the teaching and learning of science that places students’ interpretations, 
constructions, uses and evaluations of their own representations, as well as those of 
canonical science, at the centre of teaching and learning (Prain & Tytler, 2012; Tytler 
& Prain, 2010, 2013; Tytler, Prain, Hubber, & Waldrip, 2013). Students develop a 
comprehensive understanding of, and appreciation for, science through this 
representational process as they are presented with particular problems (called 
representational challenges) that they must solve by undertaking representational 
work. In particular, students create and/or use various representations to reason as a 
way of developing their own understandings of scientific phenomena, as well as their 
meta-representational competence (i.e. understandings of the structure and function 
of representations and the purposes to which they can be put), and to make their own 
discoveries. This particular approach to inquiry has been shown to be successful (e.g. 
Hubber, Tytler, & Haslam, 2010; Lehrer, Schauble, & Lucas, 2008; Prain, Tytler, & 
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Peterson, 2009; Tytler, Haslam, Prain, & Hubber, 2009) because students have 
demonstrated gains not only in their conceptual understandings of scientific 
phenomena and understandings of the role of representations, but also in their ability 
to reason through representations. 
The development of this inquiry approach involves exploring the affordances 
of specific representations, differing in form and function, for meaning making and 
in particular for students’ reasoning in science. Of particular interest is the way in 
which students, with the assistance of their teachers, can work with representations in 
order to conduct reasoning that enables them to construct their own understandings 
of scientific phenomena on their journey to developing ideas commensurate with 
canonical science. Researchers exploring the representation-construction approach 
are thus concerned with defining inquiry as fundamentally involving reasoning, as 
well as determining the most effective way students can collaborate with teachers in 
the use of particular representations to construct understandings of scientific 
concepts and to facilitate the induction of students into the discursive practices of 
science. 
1.2.2  A Peircean approach to inquiry 
Critical to the representation-construction approach is the conceptualisation of 
inquiry as driven by a reasoning process that is representational in nature (Carolan, 
Prain, & Waldrip, 2008; Prain & Tytler, 2012; Tytler et al., 2013; Waldrip, Prain, & 
Carolan, 2010). By applying Charles Peirces’ (1998b, 1998g) ideas to the challenge 
of realising authentic science in the classroom, the developers of this approach have 
not only further enhanced the focus on reasoning as the driver of discovery in the 
classroom but have also conceptualised students’ reasoning as a fundamentally 
semiotic process. When students create and/or use representations to develop new 
understandings they are engaging with signs to reason. Students’ creation and/or use 
of representations and their execution of reasoning are not separate processes. They 
are one-and-the-same. Discovery in the classroom is made possible by “semiosis” 
(Peirce, 1998d, p. 411) (i.e. reasoning as the process of signs). 
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1.2.3 Using video to investigate reasoning 
A defining feature of the research concerning the representation-construction 
approach is the use of cameras and associated audio equipment to record students’ 
use of representations to reason as they respond to representational challenges in the 
school classroom(e.g. Hubber, Tytler, et al., 2010; Tytler et al., 2009; Tytler et al., 
2013). This use of video builds on extensive prior research in science and 
mathematics education involving the use of video to explore the complexities and 
dynamism of the school classroom (e.g. O'Keefe, Xu, & Clarke, 2006; Tytler & 
Aranda, 2015; Xu & Clarke, 2012, 2013), as well as informal educational settings 
(e.g. Hohenstein & Tran, 2007; Martin, Brown, & Russell, 1991; Moss, Esson, & 
Bazley, 2010). A rich archive of video (and audio) data has been amassed in the 
development of the representation-construction approach through using different 
camera setups in a variety of different school classrooms. 
By analysing such data the multimodal and distributed nature of students’ 
reasoning as they engage with representations has been convincingly demonstrated. 
Students collaborate with their peers and teachers to create and/or use a variety of 
different representations as they reason to solve problems. And in the process they 
exhibit particular verbalisations, eye movements, facial expressions and gestures.     
1.3 Abductive reasoning as the driving force of discovery in the science 
classroom – Further developing the representation-construction 
approach 
1.3.1 The need for further research 
There are particular aspects of the representation-construction approach that are 
primed for further investigation. This thesis is a part of the ongoing development of 
the representation-construction approach. I seek to contribute to the efforts of the 
science education community to realise authentic science in the classroom. I aim to 
further our understanding of discovery as experienced by students and continue 
efforts to determine the best means for teachers and students to work together to 
develop the skills and knowledge necessary to interact with and perceive the world in 
a scientific way.  
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1.3.2 Recognising abductive reasoning in order to establish a logic of discovery  
By refocusing attention on Peirce’s approach to reasoning and representations, as 
well as utilising the work of Lorenzo Magnani, a current Peircean scholar who 
renders Peirces’ ideas more accessible for the purposes of researching the 
complexities of the classroom, I propose the need for a reconceptualisation of 
reasoning as the semiotic process that underpins discovery in the science classroom. 
While the representation-construction approach highly values students’ generation of 
new ideas as essential for discovery, it does not consider this process as a legitimate 
part of reasoning according to formal logical principles (logic constituting an account 
of reasoning). Indeed, no formally logical account of reasoning is provided by the 
existing representation-construction approach, nor does any other approach to 
inquiry provide such an account. This conceptualisation of reasoning as it relates to 
practicing science is also evident in the Australian Curriculum: Science. 
Extending the work of Peirce (1998b) and Magnani (2001, 2009) to the 
educational context, I suggest that this account of the generation of new ideas means 
that no logic of discovery exists that can apply to the science classroom. And as such 
this creative aspect of discovery cannot be identified and analysed in detail, which 
detracts from any advocacy of inquiry. By reconceptualising the creation of new 
ideas as a legitimate part of reasoning according to logic, specifically considering 
this creative process as “abduction” as defined by Peirce (1998c, p. 95), and which is 
endorsed and expanded by Magnani (2001, 2009), then a logic of discovery becomes 
possible.  
In so doing the representation-construction approach can be more effectively 
articulated because students’ generation of new ideas as they create and/or use 
representations to solve representational challenges can be conceptualised as 
abductive reasoning, and thus identified as such and analysed in order to determine 
the specific processes that constitute this reasoning in the classroom. A more detailed 
and systematic account of abductive reasoning will enable, I suggest, more effective 
support and encouragement of this process in the classroom, which will facilitate 
discovery by students. Inquiry, in particular representation-construction, as a means 
to achieve authentic science in the classroom will become more effective as we 
develop a more comprehensive understanding, and logical account, of discovery in 
the classroom. 
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1.3.3 The importance of naturalising logic 
However, extending the ideas of Magnani (2009, 2015a, 2015b) and also John 
Woods (2013) (who like Magnani is a 21st Century champion of Peirce), I propose 
that this logic of discovery cannot take place unless the classical logic that accounts 
for reasoning (in many classrooms and curriculum documentation) is challenged. The 
“naturalising of logic” (Magnani, 2015b, p. 13) offers a way of doing this. This logic 
empirically determines the student as a practical agent who reasons for a particular 
purpose using whatever resources are available, including the execution of abductive 
reasoning. The student as an ideal logical agent that is theoretically determined and 
who is considered to be reasoning only when executing right reasoning (i.e. 
deductive and induction), and not abduction, is not compatible with the realities of 
the classroom and inquiry approaches. The abductive reasoning of students can only 
be a legitimate part of reasoning, which can be logically accounted for, by 
conceptualising logic as natural (i.e. practical) and forgoing the classical logic. 
1.4 Multi agent-based computational models – A digital technology to 
afford abductive reasoning 
1.4.1 What about digital technology? 
Before outlining the way in which I pursued this research agenda it is necessary to 
consider the other aspect of the effort of the science education community to bring 
school science closer to authentic science; the seemingly limitless potential of digital 
technology. How does the use of digital technology by students in collaboration with 
teachers facilitate discovery in the classroom? How does digital technology fit into 
the representation-construction approach? How do digital technologies function as 
representations through which students can reason, in particular execute abductive 
reasoning, as they construct their own understandings of scientific phenomena?  
The existing research concerning the representation-construction approach 
has yet to explore this issue of digital technology in detail. Further, the Australian 
Curriculum: Science does not adequately describe the way in which digital 
technology can be used by teachers and students to reason. In this thesis I explore the 
potential value of digital technologies as representations that can afford students’ 
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reasoning, in particular students’ creation of new ideas manifest as abductive 
reasoning. 
1.4.2 Choosing a digital technology 
There exists, as alluded to earlier, myriad different digital technologies that could 
afford student reasoning in many different ways as a part of inquiry in the science 
classroom. But which of these is worth exploring in relation to my aim of further 
developing our understanding of discovery in the classroom, in particular in regards 
to the representation-construction approach? The best way to answer this question, I 
suggest, is to firstly determine the specific scientific phenomenon that is the focus of 
inquiry. In other words the only way to properly consider the value of digital 
technology to afford students’ abductive reasoning is to do so in regards to a 
particular scientific concept. Representation-construction always concerns students 
investigating a particular scientific phenomenon. The inquiry process varies 
depending on the conceptual focus (Bevins & Price, 2016; Cobern et al., 2010; 
Hmelo-Silver et al., 2007; Minner et al., 2010).  
 Similarly, the value of digital technologies to function as representations that 
afford students’ reasoning as they undertake discovery is dependent on the particular 
phenomenon that is under investigation. Particular digital technologies only facilitate 
students’ learning about particular scientific concepts (A. Clark, 2003; Papert, 1980; 
Virk et al., 2016). No single digital technology is applicable in all teaching and 
learning situations. 
1.4.3 Natural selection as a complex system 
In this research I chose to focus on the concept of natural selection. This is a key 
scientific concept important for students to comprehensively understand if they are to 
interact with and perceive the world in a scientific way: it is a threshold concept 
(Cousin, 2006; Meyer & Land, 2003; Ross et al., 2010). As a student I experienced 
first-hand the way in which an understanding of, and appreciation for, natural 
selection can revolutionise one’s understanding of the world. So my decision to focus 
on natural selection is also personal. As a threshold concept natural selection is also a 
form of troublesome knowledge and so is particularly difficult for students to 
understand and for teachers to teach (Cousin, 2006; Meyer & Land, 2003; Perkins, 
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1999, 2012). Natural selection thus seems worthy of consideration in the context of 
inquiry due to its importance for the induction of students into the discursive 
practices of science (Demastes, Good, & Peebles, 1995; Donnelly, Kazempour, & 
Amirshockoohi, 2009; Hokayem & BouJaoude, 2008; C. S. Woods & Scharmann, 
2001) and to the significant difficulties associated with teaching and learning this 
concept (Bishop & Anderson, 1990; Ferrari & Chi, 1998; Nehm, Beggrow, Opfer, & 
Ha, 2012; Nehm & Reilly, 2007; Shtulman, 2006).   
I follow the lead of researchers in science education (e.g. Chi, Roscoe, Slotta, 
Roy, & Chase, 2012; Dickes & Sengupta, 2013; Hmelo-Silver & Azevedo, 2006) 
who argue that natural selection is important to the practice, and thus learning, of 
science and yet difficult to understand because it represents a complex system. 
Complex phenomena are defined by the whole constituting more than the sum of its 
parts. These systems exhibit emergence and chaos, which are phenomena that are 
counterintuitive and conceptually difficult for students (of varying ages and abilities) 
to understand (Resnick, 1991, 1996; Resnick & Wilensky, 1998; Wilensky, 1993; 
Wilensky & Resnick, 1999). Understanding scientific phenomena as complex 
systems (or non-complex systems as the case may be) is essential for interacting with 
and perceiving the world in a scientific way (Goldstone, 2006; Jacobson & 
Wilensky, 2006; Lesh, 2006). 
1.4.4 Using multi agent-based computational models to explore natural 
selection  
What digital technologies might be useful for students’ explorations of natural 
selection as a complex system and for assisting students to overcome the challenges 
it poses to teaching and learning science? What digital technologies might function 
as representations that afford students’ reasoning about natural selection, in particular 
abductive reasoning, as a complex system? Educational researchers arguing for the 
importance of complex systems propose that the best way for students to tackle the 
troublesome nature of natural selection, and other complex systems, is through the 
use of multi agent-based computational models (MABCM). Such models are able to 
capture, and simulate, the relationship between the micro level and macro level 
characteristic of complex systems, that is manifested as emergence and chaos 
(Amigoni & Schiaffonati, 2007, 2008; Jacobson & Wilensky, 2006; Sabelli, 2006).  
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In the context of science education a particular type of MABCM software 
called NetLogo has been shown (e.g. Blikstein & Wilensky, 2009; Dickes & 
Sengupta, 2013; Sengupta & Wilensky, 2011; Wilensky & Reisman, 2006) to 
facilitate students’ reasoning about complex systems, including natural selection, and 
to help students overcome the difficulties of learning about such concepts. NetLogo 
is particularly suited to use in educational contexts, by students of various ages and 
abilities, because it is freely available, open source, and is easy to use but also 
capable of supporting complex simulations (Sengupta & Wilensky, 2011). In fact it 
was specifically developed by Seymour Papert (1980) (in its first incarnation it was 
called Logo) for use in the classroom. Since its creation it has been refined over the 
decades by educational researchers, most recently Uri Wilensky, as digital 
technology has advanced. NetLogo is therefore a digital technology that is purpose 
built to facilitate the teaching and learning of complex systems, including natural 
selection. 
1.4.5 The absence of a logical and semiotic account of NetLogo 
The research to date on the role of NetLogo to afford students’ reasoning about 
natural selection and other complex systems has not addressed the nature of this 
reasoning and the status of these models from an explicitly logical or semiotic 
perspective. While the models are considered as representations that afford students’ 
reasoning, the reasoning process is not conceptualised as semiosis; in other words the 
reasoning and representations (as signs) are considered separate processes. In 
addition while reasoning is conceptualised as the development of new 
understandings based on existing understandings (consistent with Peirce’s notion of 
reasoning) through the generation and exploration of ideas, this process is not 
accounted for in a logical way. Or if a logic is present it is the classical logic. As 
such, the creation of new ideas is not considered a logical process that is a legitimate 
part of reasoning, and thus abductive reasoning has not been recognised in research 
exploring the value of NetLogo to afford students’ reasoning. 
 I propose that a logical and semiotic account of students’ use of NetLogo is 
necessary in order to fully explore and realise the value of these models as digital 
representations that afford students’ abductive reasoning in the science classroom. 
Particularly when it comes to students working with teachers in order to make 
discoveries about natural selection. In this thesis I do so by considering the 
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functioning of NetLogo as a digital technology that affords students’ creation of new 
ideas (i.e. abductive reasoning) in the context of representation-construction. 
1.5 Video-based research in a science education centre 
1.5.1 What about the educational context? 
There is one more important factor to consider before I further outline my research 
agenda. I have discussed reasoning and digital technology as they relate to 
representation-construction and discovery in the classroom, but what about context? 
In what educational setting am I exploring the nature of students’ abductive 
reasoning about natural selection, in particular through the use of NetLogo models? 
Inquiry and the use of digital technology always take place in a particular context.  
1.5.2 The filming of representation-construction in a science education centre  
While researchers developing the representation-construction approach are well 
aware of the important role of informal educational contexts, such as science 
education centres, to act as locales of inquiry, to date none of this research has 
specifically focused on these contexts. All extant research has concerned traditional 
school classrooms. Video has not been used to capture and explore students’ 
reasoning as they create and/or use representations in a science education centre.  
 In this thesis I do just that. By filming, and then analysing, students’ use of 
NetLogo models to conduct abductive reasoning about natural selection in a science 
education centre, I seek to take advantage of such educational contexts as hothouses 
of discovery. My aim is not to compare inquiry as it transpires in school classrooms 
and science education centres, but rather to use video data of students immersed in an 
intense inquiry process (in a science education centre that is ideally set up to enable 
such teaching and learning experiences) to shed further light on the nature of 
abductive reasoning and the way in which NetLogo models afford this process. In so 
doing I also assess the value of such video-based research to inform investigations of 
abductive reasoning as it plays out in real time and in a real place. 
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1.6 Using NetLogo to construct representations about natural selection 
in a science education centre – Exploring students’ computer-
mediated abductive reasoning   
1.6.1 Research agenda 
In choosing to focus on natural selection as a complex system when considering 
discovery in the science classroom, in particular as representation-construction, I 
chose NetLogo as the digital technology of interest. In this thesis I explore the 
possibility of establishing a logic of discovery in the science classroom firstly by 
recognising students’ creation of new ideas as abductive reasoning, and thus as a 
legitimate part of the reasoning process that is subject to identification and analysis. 
And secondly by extending the representation-construction approach to an 
exploration of NetLogo models as representations that afford students’ abductive 
reasoning about natural selection. It is in relation to students’ exploration of the 
concept of natural selection through the use of NetLogo models that I seek to 
establish students’ hypothesising (i.e. creation of new ideas) as abductive reasoning 
when they undertake inquiry. 
 In conceptualising this process as abductive reasoning, and thus as a 
legitimate part of reasoning according to the naturalised logic, it is made amenable to 
identification and analysis. Through the use of video data I identify students’ 
abductive reasoning in action as they interact with NetLogo models to explore 
natural selection, and then analyse this reasoning in order to determine the processes 
that define this reasoning; in other words to characterise abductive reasoning as a 
logical process. I wanted to determine the specific way in which the NetLogo models 
functioned as “epistemic mediators” (the term Magnani (2009, p. 11) uses to describe 
representations that afford reasoning) to afford students’ hypothesising about natural 
selection. It is in this way that I sought to explore the students’ computer-mediated 
abductive reasoning through a video-based analysis, in the process assessing the 
value of such video to afford exploration of abductive reasoning. By conducting this 
research in a science education centre, not a school classroom, I took advantage of 
this environment as conducive for discovery through learning and thus extended 
research concerning the representation-construction approach to the informal 
educational context.  
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1.6.2 Research questions  
Having provided a rationale for this research and a specific research agenda, I can 
now articulate the research questions. This is certainly not an exhaustive list of the 
questions that determined and arose from the research, there are myriad theoretical 
and practical considerations that stem from these questions, but rather these are the 
specific questions that motivated me as a researcher.  
1. What is the nature of students’ abductive reasoning when identified and analysed 
as a logical process that is a legitimate part of reasoning? 
2. How do NetLogo models function as epistemic mediators that afford students’ 
abductive reasoning? 
Each of these questions relates specifically to students’ exploration of natural 
selection in the context of the science education centre as investigated via the use of 
video. 
1.7 An overview of the thesis 
Below I briefly outline each section of the thesis. The thesis consists of six chapters: 
Chapter 1 – Introduction; Chapter 2 – Literature Review; Chapter 3 – Methodology 
& Method; Chapter 4 – Analysis/Results; Chapter 5 – Discussion; and Chapter 6 – 
Conclusion. 
1.7.1 Chapter 2 – Literature review 
In this chapter I describe the research context within which my study takes place. 
Through my study I seek to contribute to this research narrative. This narrative 
primarily concerns inquiry as discovery in science education, specifically the 
representation-construction approach, and the struggle to approximate authentic 
science in the classroom. In addition I discuss the conceptualisation of natural 
selection as a complex system and the use of NetLogo models in science education to 
explore this phenomenon. I also describe in detail Magnani’s and Peirce’s ideas 
(which includes Woods’ ideas on the naturalisation of logic) that constitute the 
Magnanian lens and Peircean framework that shaped this study. 
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1.7.2 Chapter 3 – Methodology & method 
I describe in this chapter the research design, which includes an overview of the 
design, implementation and evaluation of the workshops conducted at the science 
education centre as a part of the study as well as a description of this particular 
informal educational context. This includes a description of the participants/co-
researchers. I provide a comprehensive description of the NetLogo models that were 
purpose built for the research. I also discuss the specific way in which the different 
types of data (video, pre-tests and post-tests, and students’ representations created 
using the Explain Everything application on iPads) were collected, managed and 
analysed. But before doing so I firstly outline the theoretical framework that shaped 
this research, which as outlined in the literature review is Peircean and Magnanian in 
nature. 
1.7.3 Chapter 4 – Analysis/results 
In this chapter the findings to address the research questions are given. This 
primarily involves a detailed analysis of the video data that involved using 
Studiocode to construct timelines of students’ abductive reasoning moves and social 
moves, which was used as the basis to develop a set of principles that capture the 
nature of abductive reasoning. I also report the comparison of the pre-test and post-
test data. The students’ representations created using Explain Everything are only 
utilised to inform the analysis of the video data. 
1.7.4 Chapter 5 – Discussion  
I discuss in detail in this chapter the meaning of the findings in relation to the 
research questions. In particular I show how the findings add to our understanding of 
abductive reasoning in educational settings in particular through the use of multi 
agent-based computational models, thus extending Magnani’s and Peirce’s 
theorising. 
1.7.5 Chapter 6 – Conclusion 
In the concluding chapter I summarise my response to the research questions as well 
as the significance of my findings. I also reflect on the method employed and 
consider future possibilities as well limitations of the research. I finish by 
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considering the potential audience for this research and reflect on the thesis as the 
beginning of my journey in academia. 
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2 Literature Review – Contextualising the Research and 
Its Application 
In this chapter I describe the research context within which my study takes place. 
This is the research narrative to which I seek to contribute through my study. This 
narrative primarily concerns inquiry as discovery in science education, in particular 
the representation-construction approach, and the struggle to approximate authentic 
science in the classroom. I also discuss the conceptualisation of natural selection as a 
complex system and the use of multi agent-based computational model (specifically 
NetLogo models) in science education to explore this phenomenon. In addition I 
describe in detail those ideas of Magnani and Peirce (which includes Woods’ ideas 
on the naturalisation of logic) that constitute the Magnanian lens and Peircean 
framework that shaped this study. 
2.1 Science and the mystery of discovery 
Science means a lot of different things to a lot of different people, with the discovery 
process that underpins science as a creative human endeavour shrouded in mystery. 
2.1.1 What is science? 
There is a whole sub-discipline of philosophy, the philosophy of science, dedicated 
to defining this most human of endeavours. Yet ever since we first started practicing 
science there has been disagreement as to its precise meaning; the nature of science 
is hotly contested. For Popper (1959) science is the practice of generating and 
experimentally testing falsifiable hypotheses. No hypothesis can be proven true; it 
can only be supported or proven false. Whereas for Latour and Woolgar (1986) and 
Latour (1987) science is a fundamentally social enterprise in which scientists interact 
with each other and specialised equipment in order to turn their ideas into accepted 
facts. Perhaps the most well known philosopher of science is Kuhn (1970) who 
suggests that science for the most part maintains the status quo until the paradigms 
(i.e. world views) governing science are challenged and replaced. And there are some 
definitions of science that to some seem devoid of any meaning at all. This is best 
exemplified by Feyerabend’s (2010, p. 7) so called “anything goes” approach, in 
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which he proposes that science is at its most productive when it is anarchic and not 
restrained by methodological rules.  
But despite this disagreement among philosophers of science, as well as those 
practicing science, it is agreed that science is fundamentally a process of discovery. It 
is critical to our seemingly insatiable appetite to unlock the mysteries of life and the 
cosmos. 
2.1.2 What is discovery? 
Yet, as Magnani (2009) argues, discovery in science has been a mystery for 
historians, philosophers and those who practice science, ever since its inception. 
Charles Sanders Peirce dedicated his life to pinning down and illuminating scientific 
discovery, exemplified by his series of papers Illustrations of the Logic of Science 
(1992a, 1992b, 1992c, 1992d, 1992e, 1992f). This mystery of discovery does not 
concern its meaning or value; discovery is acknowledged by scientists as the 
generation of new ideas (i.e. hypotheses) to explain natural phenomena, which are 
then supported by evidence. Discovery is at the very centre of efforts by scientists to 
improve our knowledge of the world (and the universe that it inhabits) and in so 
doing radically change our perceptions of, and interactions with, this world. Nor is 
discovery perceived as difficult to come by; the history of science is replete with 
discoveries that fundamentally changed the world, from Copernicus’s heliocentric 
model of the universe to Francis’ and Cricks’ (not to forget the contributions of 
Maurice Wilkins and Rosalind Franklin) double helix model of DNA.  
The mystery of discovery is determining exactly how it comes to be and of 
what it precisely consists. Discovery has proven particularly difficult to analyse in 
detail; its precise makeup has long eluded scientists and philosophers (Magnani, 
2009; Peirce, 1992c). 
2.2 A logic of discovery 
As Magnani (2009) suggests, it was Kuhn (1970) who focused philosophers’ 
attention on the importance of differentiating between the logic of justification and 
the logic of discovery. Through his elaboration of the structure of scientific 
revolutions, in which new ideas emerge in science only when the existing paradigms 
are replaced with new paradigms, Kuhn demonstrated that creating new ideas and 
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justifying these ideas with evidence are discrete and fundamentally different 
processes. While most working in science readily acknowledge the logic of 
justification, in which new ideas in science must be tested in a particular way in 
order for evidence to be collected to support the transformation of these ideas into 
facts, there is far less support for a logic of discovery.  
2.2.1 The creative aspect of discovery is irrational and illogical  
Popper (1959), despite the title of perhaps his most important contribution to the 
philosophy of science suggesting otherwise, The Logic of Scientific Discovery, is 
representative of the view that the creation of new ideas in science, which is at the 
heart of discovery, is an irrational and illogical process driven by intuition (Magnani, 
2009). It is this creative character of discovery that proves problematic when those 
engaged in science try to consider a logic of discovery. Creativity appears beyond 
logic and at home in the realm of irrationality (Magnani, 2001, 2009). For most, 
while it is highly valued, there is no logic to discovery and so it is not possible to 
analyse discovery in detail or provide a detailed account of this process. So while 
creativity is acknowledged as an important component of this process, it is treated as 
a black box (Latour, 1987; Latour & Woolgar, 1986); no one knows how it does 
what it does, they just know that what it does is crucial to science. But as Magnani 
(2009, p. 4) argues, “a theory which needs intuition to determine what it predicts has 
poor explanatory power.” A logic of discovery is necessary.  
As Magnani (2001, 2009) argues, as long as the creative dimension of science 
is shrouded in mystery, then it is not possible to analyse and describe in detail the 
process of discovery. But if a logic of discovery is established then it is possible to 
determine the constituent components of creativity and the precise way in which 
discovery unfolds. This not only allows creativity to be recognised as it is taking 
place, but also allows processes to be set in place to promote creativity. More 
creativity leads to further discoveries and the growth of scientific knowledge. 
2.2.2 Realising a logic of discovery through Peirce 
Magnani (2001, 2009) proposes that a logic of discovery is made possible by 
Peirce’s (1992a, 1992c, 1998a, 1998b, 1998e, 1998f, 1998g) approach to scientific 
discovery, which is based in his pragmatism (Peirce, 1998e); in particular Peirce’s 
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(1998b, 1998g) articulation of logic as the art of reasoning, which is a semiotic 
process of meaning making. Reasoning for Peirce (1992a) is of three kinds; 
deduction, induction and abduction. Abduction is the creative aspect of reasoning 
that generates the hypotheses essential for discovery (Peirce, 1992a, 1998a, 1998f). 
Discovery in a Peircean sense is abduction, and as abduction is a form of reasoning, 
which is necessarily logical, then a logic of discovery is possible. 
2.3 A Peircean approach to scientific discovery 
Any discussion of Peirce’s ideas (1992a, 1992c, 1998a, 1998b, 1998e, 1998f, 
1998g), however in-depth, will only ever scratch the surface of his thinking. His 
ideas, including many of his most important, changed significantly over his lifetime 
and this evolution is not possible to capture in the scope of a thesis. A highly focused 
approach is necessary, which selects only snapshots in time of particular ideas. I 
chose these ideas based on a Magnanian (2001, 2009) interpretation of Peirce; in 
other words Peirce was interpreted through a Magnanian lens. I describe this 
approach in detail in the following chapter. This approach takes abductive reasoning 
as the key idea around which to discuss Peirce’s approach to discovery in the context 
of his self-proclaimed efforts to “describe the method of scientific investigation” 
(1992c, p. 121). 
2.3.1 Pragmaticism 
Peirce’s (1998d, 1998e, 1998h) approach to discovery in science, indeed his 
approach to understanding the world in general, was determined by his pragmatism, 
or what he later called “pragmaticism” (Peirce, 1998h, p. 335) in order to safeguard 
his ideas from those who had misappropriated pragmatism. The meaning of this 
approach is best captured by Peirce’s (1992d, p. 132) pragmatic maxim:  
 Consider what effects, that might conceivably have practical bearings, we 
 conceive the object of our conception to have. Then, our conception of these 
 effects is the whole of our conception of the object.  
Or in Magnani’s (2009, p. 2) words, “our idea of something is our idea of its sensible 
effects,” such that pragmatism is “a logical criterion to analyse what words and 
concepts express through their practical meaning.” Our understanding of the world is 
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the conceived effects of objects, thus our understanding of the world is always 
practically driven. 
 Therefore according to Peirce (1998d, 1998e, 1998h) the way in which 
people make meaning of the world is entirely determined by what our senses detect, 
or by what we conceive it is possible for our senses to detect (in regards to practical 
matters). More specifically our entire conception of the objects that constitute our 
world is made up of their impact upon the senses, or by what we conceive their 
possible impact upon the senses to be (again only those with a practical bearing on 
life). So our experience of the world results from an interaction between the 
individual, objects and our conception of their sensible effects. Therefore reasoning, 
and thus abductive reasoning, is the conception of the sensible effects of objects to 
practical ends.  
2.3.2 Reasoning as the fixation of belief – A case for the method of science 
Peirce (1992c, 1998b) argues that people make meaning of the world, including 
when undertaking science, by reasoning. He proposes that “the object of reasoning is 
to find out, from the consideration of what we already know, something else which 
we do not know” (Peirce, 1992c, p. 111). He argues that when people are reasoning 
they are fixing their beliefs and that this is indeed why we reason. Peirce (1998b, p. 
12) states:  
 A Belief is a state of mind of the nature of a habit, of which the person is 
 aware, and which, if he acts deliberately on a suitable occasion, would induce 
 him to act in a way different from what he might act in the absence of such 
 habit. 
He proposes that individuals spend their lives struggling to move from a state of 
doubt to a state of belief: “the irritation of doubt causes a struggle to attain a state of 
belief” (Peirce, 1992c, p. 114). People much prefer the state of belief, in which their 
desires and actions are guided, to a state of doubt in which nothing is determined 
except the desire to cease this doubt and act in such a way as to achieve this goal. 
Peirce (1992c, p. 114) calls this struggle to reach a state of belief, “inquiry.” Inquiry 
is only complete when opinion has been settled and a state of belief has been 
reached; the fixation of belief. 
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The particular state of belief that is reached, or the specific opinion that is 
settled upon, is of minimal concern for Peirce (1992c). He does not include the 
pursuit of truth as a part of inquiry. Individuals do not necessarily pursue what Peirce 
(1992c, p. 115) calls a “true opinion.” They do not struggle towards the truth. Rather, 
whatever opinion is settled upon is true for the individual because it has been settled 
upon, and as such is a belief. It satisfies the individual, regardless of whether it is true 
or false. The struggle to attain a state of belief is motivated not by a pursuit of the 
truth, but rather by a desire to cease doubt and have one’s desires and actions guided 
by one’s beliefs. 
Peirce (1992c), however, differentiates between four different methods of 
fixing belief. These methods of inquiry are ways to reason, but with some fulfilling 
the requirements of reasoning (using one’s existing knowledge to develop new 
understandings of the world that are stable and which reliably inform one’s actions) 
better than others. Firstly, he identifies “the method of tenacity” (Peirce, 1992c, p. 
116). This is the method by which anything that confirms one’s beliefs is 
acknowledged and anything that challenges one’s beliefs is ignored. This is very 
comforting for the individual, however they soon come to realise that while the 
opinions of others are different, they are as legitimate as their own. Their own beliefs 
are no longer fixed.  
Peirce (1992c, p. 117) argues that the “the method of authority” is a more 
satisfactory form of reasoning. According to this method of inquiry, the beliefs of the 
individual’s community (and thus of the individual) are determined by an authority, 
which also forbids any contrary beliefs. However, those in authority cannot control 
all of the beliefs of the community, only the most important, and some individuals 
will always see beyond the beliefs as defined by authority. The arbitrary nature of 
their beliefs, and the way in which those in authority have forced these upon the 
masses, becomes evident. Consequently doubt reemerges and a new method of fixing 
belief, a more satisfactory method of inquiry, is needed. 
A method of inquiry in which beliefs are determined by “natural preferences” 
(Peirce, 1992c, p. 118) is much more satisfactory according to Peirce. This is the “a 
priori method” (Peirce, 1992c, p. 119). These beliefs are fixed because “we are 
inclined to believe” and they are “agreeable to reason” (Peirce, 1992c, p. 119). This 
is a method of inquiry that is independent of experience; this is reasoning in the 
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abstract. But despite this method seeming to offer so much in the way of reasoning, 
Peirce (1992c, p. 119) proclaims that “its failure has been the most manifest.” 
Because the a priori method takes place independently of experience, and as such is 
entirely determined by the will of the indvidual, then it is subject to much change. 
Peirce equates it with taste; this inquiry proceeds according to the tastes of the 
individual. He further argues;  
…there are some people…when they see that any belief of theirs is 
 determined by any circumstance extraneous to the facts, will from that 
 moment not merely admit in words that that belief is doubtful, but will 
 experience a real doubt of it, so that it ceases to be a belief (Peirce, 1992c, p. 
119). 
In other words, when people realise that their beliefs are without reference to that 
beyond themselves (i.e. the facts of the world) then they doubt their beliefs and 
return to the state of doubt from which they thought they had escaped. The a priori 
method is an unsatisfactory way to reason. 
Peirce (1992c, p. 120) thus argues that “ to satisfy our doubt, therefore, it is 
necessary that a method should be found by which our beliefs may be caused by 
nothing human, but by some external permanency – by something upon which our 
thinking has no effect.” This cannot be an external permanency that only the 
individual can access, otherwise it is just another form of the method of tenacity. 
Rather, it must be an external permanency that is shared by the community. 
Something which has an effect on all indviduals; what Peirce (1992c, p. 120) calls 
“reality.” Although each individual may be affected in a different way by this 
external permanency, it must be the case that “the ultimate conclusion of every man 
shall be the same” Peirce (1992c, p. 120). In other words, every person, eventually, 
will come to the same conclusion, the “one true conclusion” (Peirce, 1992c, p. 120) 
that constitutes reality. 
Peirce (1992c, p. 120) calls this “the method of science.” Just like the a priori 
method it is a form of inquiry that can usefully serve the role of reasoning. However, 
unlike the a priori method, this method of fixing belief asserts the importance of 
reality (independent of the individual) as well as the critical role that the individual’s 
experience of this reality plays in the struggle to attain a state of belief. Each 
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individual experiences reality in a different way, people perceive what Peirce (1992c, 
p. 120) calls “real things.” The indvidual is able to consider these real things, and 
although each individual may have different perceptions and so reason differently, 
ultimately a single understanding of reality will be reached: the one true conclusion. 
In this way people are able to determine “how things really and truly are” (Peirce, 
1992c, p. 120). A state of belief is determined by something beyond the individual, 
even beyond the community; the settlement of opinon is determined by reality. 
For Peirce (1992c), this method of inquiry (i.e. the method of science) best 
describes the method of scientific investigation. And it was the method of scientific 
investigation that Peirce wanted to determine. In fact he argues that it is the only 
satisfactory method of inquiry in science because it constitutes the most satisfactory 
form of reasoning: reasoning which proceeds from what is known and perceived, to 
that which is not known and perhaps not perceived. Determining the state of belief is 
taken out of the hands of both the individual and the community (including those in 
authority), such that these beliefs may be quite contrary to the wishes of the 
individual and the community. It is reality that drives the cessation of doubt and the 
struggle to attain a state of belief when the method of science is employed. As such 
Peirce (1992c, p. 123) argues that this method of inquiry has the greatest integrity, 
and “what is more wholesome than any particular belief is integrity of belief.” 
2.3.3 Logic as semiotic – Reasoning as a semiotic process  
Therefore Peirce (1992c) established that science proceeds according to a particular 
method of inquiry, or way of reasoning, which is distinct from other ways to fix 
belief. He further proposed; “Logic is the art of reasoning” (Peirce, 1998b, p. 11), in 
particular in relation to the method of science. Logic from this Peircean perspective 
constitutes “the idea that a subsequent idea should follow” (Jappy, 2013, p. 1). 
Therefore when we talk of logic, we must necessarily talk of reasoning; reasoning 
and logic are one-and-the-same. 
 In conceptualising logic as reasoning, Peirce (1998g, p. 4) proposed that 
reasoning necessarily involves the operation of signs to make meaning: “all 
reasoning is an interpretation of signs of some kind.” Peirce (1998b, p. 13) using sign 
in the semiotic sense to mean:  
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 …a thing which serves to convey knowledge of some other thing, which it is 
 said to stand for or represent. This thing is called the object of the sign; the 
 idea in the mind that the sign excites, which is a mental sign of the same 
 object, is called an interpretant of the sign. 
Peirce also sometimes conceptualised the sign as the representamen, such that the 
sign is composed of: the thing that is signifying, what he calls the representamen, the 
thing that is signified, what he calls the object, and the effect of the representamen 
and the object on the interpreter, what he calls the interpretant (Jappy, 2013). 
Importantly, as Jappy (2013) points out, the interpretant is not the same thing as the 
interpreter; the interpretant is something that the interpreter experiences as a result of 
engaging with signs.  
 Peirce (1998g, p. 5) further proposed that there are “three kinds of signs” that 
demonstrate the triad (of object-representamen-interpretant) in action:   
 Firstly, there are likenesses, or icons; which serve to convey ideas of the 
 things they represent simply by imitating them. Secondly, there are 
 indications, or indices; which show something about things, on account of 
 their being physically connected with them…Thirdly there are symbols, or 
 general signs, which have become associated with their meanings by usage.  
In each case the relationship between the parts of the triad is different, but all three 
kinds of signs serve the same purpose. They enable one to make meaning of the 
world; they constitute reasoning.   
 Thus for Peirce (1998b, 1998d, 1998g) reasoning is a semiotic process, or 
more precisely reasoning is semiosis, and therefore logic is semiotic (remembering 
that logic is the art of reasoning). The importance and meaning of this idea is made 
clearer, as Chandler (2007) shows, when comparing the triadic approach of Peirce 
(semiotics) to the dyadic approach of Ferdinand de Saussure, who proposed in his 
semiology that the signified stands in for the signified. Unlike de Saussure’s 
signified, Peirce’s object is based in reality (Chandler, 2007). The object is a part of a 
world that is external to, and independent from, the individuals involved in the 
communication. This means that for Peirce (1998b, 1998d, 1998g), the relationship 
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between the representamen and the object, as well as the interpretant, is not arbitrary, 
but rather is determined by reality. Reality determines the sign.  
 Peirce’s semiotic is based in logic, while de Saussure’s semiology is based in 
linguistics (we could speak of de Saussure’s linguistics as semiology) (Chandler, 
2007). De Saussure is concerned primarily with linguistics signs. He conceives of 
language as a system of signs, as the most important system of signs. He does not 
deny the existence of other sign systems, but rather subordinates them to language, 
principally the spoken word. Semiology is a means of exploring the structure of 
language, specifically determining the structure of the signs that constitute language 
(Chandler, 2007). In contrast, Peirce is concerned with the way in which meaning is 
made, regardless of its form, linguistic or other, as long as the sign is positioned at 
the centre of this process (Chandler, 2007). Peirce (1992g) conceptualised semiotics 
as concerning the nature of signs and the way that signs operate to make meaning. 
Consequently to understand Peirce’s notion of reasoning it is necessary to understand 
his semiotic, in particular the triad (of object-representamen-interpretant) and the 
three different kinds of signs (icon, index, symbol).  
2.3.4 Deduction, induction and abduction 
Taking a step back from this semiotic detail, while still keeping it firmly in the 
foreground, Peirce (1992a) proposed that there are three different kinds of reasoning 
(again reasoning here in the sense of the method of science). These are deduction, 
induction and abduction (or hypothesis) (Peirce, 1992a). He argued that all of these 
processes are inferences and as such can be demonstrated as syllogisms, for instance 
through a scenario involving a bag full of beans. Keeping in mind that what Peirce 
refers to as the rule is the ‘general,’ what he refers to as the result is the ‘particular’ 
and the case is the ‘event/experience.’ 
In this way deduction is “the inference of a result from a rule and a case,” 
(Peirce, 1992a, p. 188) as in: 
Rule – All the beans from this bag are white. 
Case – These beans are from this bag. 
∴ Result - These beans are white. 
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The premises are the rule and the case, while the result is the conclusion. In other 
words, deduction makes a claim about the particular based on the general. While 
induction is “the inference of a rule from a case and a result,” (Peirce, 1992a, p. 188) 
as in: 
Case – These beans are from this bag. 
Result – These beans are white. 
∴ Rule – All the beans from this bag are white. 
The premises are the case and the result, while the rule is the conclusion. In this way, 
induction makes a claim about the general based on the particular.  
 And finally, abduction is “the inference of a case from a rule and a result,” 
(Peirce, 1992a, p. 188) as in: 
Rule – All the beans from this bag are white. 
Result – These beans are white. 
∴ Case – These beans are from this bag. 
The premises are the rule and the result, while the conclusion is the case. So 
abduction makes a claim about an experience based on the relationship between the 
general and the particular, or makes a claim about the cause based on the effect. Or 
in Peirce’s (1992a, p. 189) words:  
 Hypothesis is where we find some very curious circumstance, which could 
 be explained by the supposition that it was a case of a certain general rule, 
 and thereupon adopt that supposition. Or, where we find that in certain 
 respects two objects have a strong resemblance, and infer that they resemble 
 one another strongly in other respects. 
 In this way he suggests that “hypothesis is a weak kind of argument” because “it 
often inclines our judgement so slightly toward its conclusion that we cannot say that 
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we believe the latter to be true; we only surmise that it may be so” (Peirce, 1992a, p. 
189).   
 While contemplating the three forms of reasoning as syllogisms in this way 
gives us a good idea as to their different structure, it does not tell us a lot about how 
they inform reasoning in action. In particular when it comes to abductive reasoning, 
which based on the above account does not appear as valuable as the other two 
processes. But Peirce was well aware of this issue and throughout his life made 
various statements in this regard. He proposed that: “Deduction proves that 
something must be, Induction shows that something actually is operative, Abduction 
merely suggests that something may be” (Peirce, 1998a, p. 216). So again the 
difference between the three kinds of reasoning is made clear, in particular that 
between abductive reasoning and the other two forms. But further to this he added:  
 Abduction is the process of forming an explanatory hypothesis. It is the only 
 logical operation which introduces any new idea; for induction does nothing 
 but determine a value and deduction merely evolves the necessary 
 consequences of a pure hypothesis (Peirce, 1998a, p. 216) .  
Thus Peirce was not only arguing that abduction is integral to reasoning, but that it 
constitutes the creative component of this process (i.e. new ideas emerge from 
abduction). Deductive and inductive reasoning only take effect after abductive 
reasoning has created the ideas upon which deduction and induction can go to work. 
 Peirce (1998a, p. 216) made clear the link between these three forms of 
reasoning thus:  
 Its only justification is that from its suggestion deduction can draw a 
 prediction which can be tested by induction and that, if we are ever to learn 
 anything or to understand phenomena at all, it must be by abduction that this 
 is to be brought about. 
In this way discovery in science is dependent on abductive reasoning because it 
generates the new ideas (i.e. hypotheses) that inductive reasoning then tests and 
deductive reasoning then determines the necessary consequences of (as well as 
making predictions based on this). This is how reasoning proceeds according to 
Peirce (1998f, p. 287), with abduction initiating the whole process:  
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 The whole operation of reasoning begins with Abduction…Its occasion is a 
 surprise. That is some belief, active or passive, formulated or unformulated, 
 has just been broken up. 
Therefore reasoning is a response to surprise. Surprise generates doubt by disrupting 
beliefs, and new beliefs can be fixed first through abductive reasoning and then via 
inductive reasoning and deductive reasoning. It is only by generating a new idea in 
response to surprise that one can fix a new belief through reasoning. Peirce (1998a, 
p. 217) clearly perceived abduction as the central component of reasoning, in 
particular the process of discovery in science:  
 A man must be downright crazy to deny that science has made many true 
 discoveries. But every single item of scientific theory which stands 
 established has been due to abduction. 
In this thesis I explore the idea that if discovery in science is dependent on abductive 
reasoning then so too must discovery in the science classroom. But more on this 
later. 
 Not only did Peirce (1998e) argue that abduction is the beginning of the 
reasoning process, but its creative power comes not only from our minds (i.e. 
thinking) but also our perceptual judgements. He proposes:  
 …abductive inference shades into perceptual judgement without any sharp 
 line of demarcation between them…The abductive suggestion comes to us 
 like a flash. It is an act of insight, although of extremely fallible insight” 
 (Peirce, 1998e, p. 227).  
And this perception includes both what we see (i.e. visual, e.g. determining 
something as red) and what we do (i.e. tactile or manipulative, e.g. touching cloth to 
distinguish different textures) (Peirce, 1992g, 1998e). In this way the new ideas that 
drive the reasoning process can come from what we see and what we manipulate, not 
just from what we think. Our observations and manipulations do not simply lead to 
ideas in the mind, but rather they constitute ideas on their own. Thus Peirce (1992g, 
1998e) was arguing that discovery in science is not only a matter of the mind, but 
also necessarily a matter of perception. 
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2.4 A Magnanian approach to abductive reasoning 
Having discussed the most important of Peirce’s (1992a, 1992c, 1998a, 1998b, 
1998e, 1998f, 1998g)  ideas in relation to this research, it is necessary to further 
refine my focus; in particular to leave deductive reasoning and induction reasoning 
behind for the moment and concentrate on abductive reasoning. To do so I follow the 
lead of Magnani (2001, 2009).  
2.4.1 The importance of focusing on abductive reasoning to explore discovery 
in science and science education 
Magnani (2001, 2009) takes the lead of Peirce (1992a, 1998a, 1998f) and strongly 
argues for the importance of abduction for discovery in science and thus for the 
importance of understanding the precise nature of this “creative reasoning” 
(Magnani, 2009, p. 1) He proposes that the only way to determine a logic of 
discovery, or a “rational model of discovery,” is to “emphasize the significance of 
abduction” that enables “a unified epistemological model of scientific discovery” 
(Magnani, 2001, p. 15). Magnani (2009, pp. 1-2) makes clear why a logic of 
discovery is important:  
 …creativity and discovery are no longer seen as mysterious irrational 
 processes, but, thanks to constructive accounts, they are viewed as complex 
 relationships among different inferential steps that can be clearly analysed 
 and identified. 
Therefore a logic of discovery makes it possible for creativity to be recognised as it 
is taking place, and for processes to be set in place to promote creativity; in other 
words discovery is better recognised and promoted. I investigate in this thesis the 
idea that this not only applies to the science laboratory but also the science 
classroom. 
 Magnani (2001, 2009) further proposes that this logic of discovery is only 
possible by adopting Peirce’s (1992a, 1998a, 1998f) notion of abductive reasoning. 
By conceptualising creativity as abduction then it is a form of reasoning that is 
necessarily logical and thus amenable to analysis and identification. Creativity is no 
longer an irrational process and the possibility of demystifying discovery in science 
becomes a possibility. However for Magnani (2009, p. 36) this logic does not replace 
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intuition; “for Peirce the inferential and abductive character of creativity is based on 
the instinct…but does not have anything to do with irrationality and blind guessing.” 
So while the creation of hypotheses in order to do science is initiated by intuition, in 
the sense that scientists do what they ‘feel’ is likely to lead to understanding, this 
process is still logical and rational. Again I will investigate in this research whether 
the case is the same when students of science are hypothesising in the classroom.  
Thus Magnani (2001, 2009) makes clear that by adopting a Peircean account 
of creativity in science, as abductive reasoning, that a logic of discovery becomes not 
only possible but also highly desirable. In so doing not only can we analyse 
discovery in detail and provide a step-by-step account of this process, but we can 
also recognise creativity as it is taking place and make efforts to promote creativity 
in the pursuit of scientific understanding. Science is conceptualised as the process of 
discovery through reasoning. I explore in this thesis that when it comes to discovery 
in the science classroom that this same approach might be applied as it not only 
supports and encourages the development of students’ scientific knowledge but also 
their induction into what Lemke (1990, 2004) and Gee (2004, 2008) call the 
discursive practices of science (in particular abductive reasoning). 
2.4.2 Abductive reasoning is multimodal 
After establishing the importance of abduction to the discovery, and thus reasoning, 
process, Magnani (2009) elaborates on Peirce’s (1992g, 1998e)  idea that abductive 
reasoning not only occurs in the mind (i.e. thinking) but also is perceptual in nature. 
He firstly proposes that abductive reasoning comes in two main forms: “theoretical 
and manipulative” (2009, p. 1). Theoretical abduction: 
 …accounts for the objective of selecting and creating a set of hypotheses 
 (diagnoses, causes, hypotheses) that are able to dispense good (preferred) 
 explanations of data (observations), but fails to account for many cases of 
 explanations occurring in science and everyday reasoning when the 
 exploitation of environment is crucial (Magnani, 2009, p. 11).  
In other words this is a form of abductive reasoning that takes place in the mind of 
the individual; it is a mental process. Magnani (2009, p. 11) goes further by 
suggesting that theoretical abduction consists of both “sentential” and “model-based” 
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forms. Sentential abduction relates to “verbal/symbolic inferences” while model-
based abduction relates to “the exploitation of internalized models of diagrams, 
pictures etc.” (2009, p. 11).   
 Magnani (2001, 2009) further proposes a particular form of model-based 
reasoning that involves visual imagery is particularly powerful for abduction. He 
calls this “visual abduction” and puts it forward as “a special form of non verbal 
abduction” that “occurs when hypotheses are instantly derived from stored series of 
previous similarly experiences” (Magnani, 2001, p. 42). He explicitly draws on 
Peirce’s (1998e) point about abduction shading into perception when describing 
visual abduction: “it covers a mental procedure that tapers into a non-inferential one, 
and falls into the category called ‘perception’ ” (Magnani, 2001, p. 43). While he 
primarily argues that this visual abduction concerns the mind (i.e. mental images), he 
also argues that this reasoning necessarily also involves the external environment as 
visual stimuli are observed and have order imposed upon them. Thus unlike 
sentential abductive reasoning, the link to that which is beyond the mind is more 
immediate and as such visual abduction seems to sit somewhere between theoretical 
abduction and manipulative abduction (to be discussed next) despite, I suggest, 
Magnani (2001, 2009)  identifying it as theoretical in nature.  
Regardless of how it is classified it involves people not only generating new 
ideas as they explore mental images, but the observing of stimuli itself is also 
hypothesising. In each case an “image-based hypothesis is formed” (Magnani, 2009, 
p. 35) such that the process of visual abductive reasoning leads to the production of 
image-based hypotheses. Magnani (2009)  argues that this is the case with all forms 
of abductive reasoning; the hypothesising leads to a definitive conclusion in the form 
of hypotheses. 
 Magnani (2001, p. 102) suggests that this visual abductive reasoning 
proceeds according to “simple operations and reasoning techniques based on the 
transformation and inspection of image representations.” These include: 
 1. generating spatial representations from long-term memory; 2. composing 
 and superimposing image representations; 3. adding, deleting, and moving 
 parts of an image; 4. focusing and unfocusing attention on parts of an image; 
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 5. rotating and scanning a spatial array; 6. inspecting and retrieving relations 
 from an image representation (Magnani, 2001, p. 102). 
In this way Magnani is analysing visual abduction as a logical process. He is 
systematically trying to define this aspect of the reasoning process. 
 In contrast to theoretical abduction, Magnani (2001, 2009) proposes 
manipulative abduction. This “happens when we are thinking through doing and not 
only, in a pragmatic sense, about doing” (Magnani, 2001, p. 53); it “is a kind of 
action-based abduction” (Magnani, 2001, p. 54). It involves “cases in which new and 
still unexpressed information is codified by means of manipulations of some external 
objects (epistemic mediators)” (Magnani, 2009, p. 11). More will be said about 
epistemic mediators in the following section. But for now they can be seen as the 
external manifestations of models. In this way new ideas are created as individuals 
execute various actions, in particular interacting with representations in the external 
environment. This is a case of model-based abduction that involves that which is 
external to the mind. This is not simply action that serves hypothesising, but rather 
action that constitutes hypothesising. 
 Magnani (2001, p. 57) suggests that “templates of behaviour” define 
manipulative abductive reasoning; these are “hypotheses of behavior (created or 
already cognitively present in the scientists’ mind-body system, and sometimes 
already applied) that abductively enable a kind of epistemic ‘doing’ .” These include:  
1. sensibility towards the aspects of the phenomena which can be regarded as 
curious or anomalous, manipulations have to be able to introduce potential 
inconsistencies in the received knowledge…; 2. preliminary sensibilities 
towards the dynamical character of the phenomenon, and not to entities and 
their properties, common aim of manipulation is to practically reorder the 
dynamic sequence of events into a static spatial one that should promote a 
subsequent bird’s-eye view (narrative or visual-diagrammatic); 3. referring to 
experimental manipulations that exploit artificial apparatus to free new 
possibly stable and repeatable sources of information about hidden 
knowledge and constraints…; 4. various forms of epistemic acting: looking 
from different perspectives, checking the different information available, 
comparing subsequent events, choosing, discarding, imaging further 
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manipulations, re-ordering and changing relationships in the world by 
implicitly evaluating the usefulness of a new order. (Magnani, 2001, p. 57) 
By proposing a set of these templates of behaviour, Magnani is analysing abduction 
as a logic process. As with visual abduction, he is breaking the reasoning process 
down into discrete but interrelated parts.  
 While Magnani clearly differentiates these different aspects of abductive 
reasoning, he also suggests that they are related in a particular way. Specifically he 
proposes that manipulative abductive reasoning is normally followed by visual 
abductive reasoning and then sentential abductive reasoning: “they are articulated 
behaviourally and concretely by manipulations and then, increasingly, by words and 
pictures” (Magnani, 1999, p. 235). Therefore ideas are formalised as the reasoning 
process shifts from the manipulation and observation of the external environment to 
the use of verbal and pictorial symbols. 
2.4.3 Abductive reasoning is distributed 
Not only does Magnani (2001, 2009) argue that abductive reasoning is multimodal, 
but he also proposes that it is distributed. This is particularly evident when it comes 
to manipulative abductive reasoning. He argues that “the cognitive process is 
distributed between a person (or a group of people) and external representation(s)” 
(Magnani, 2002, p. 309), in this case the cognitive process is abduction. Not only is 
the mind of the individual involved, but also their body as they interact with the 
external environment. Thus as a distributed process abductive reasoning is also 
embodied. For Magnani it involves multiple individuals, their minds and bodies as 
well as representations present in the external environment.  
 As mentioned earlier, Magnani (2001, 2002, 2006) perceives those external 
representations that afford abductive reasoning as epistemic mediators. These 
representations only contribute to the reasoning process when interacted with by the 
individual; as such they are constructions of those executing the reasoning. But when 
this interaction occurs these epistemic mediators “are able to perform various 
explanatory, non-explanatory and instrumental abductive tasks” (Magnani, 2013, p. 
303). In other words they contribute to the hypothesising, often enabling 
hypothesising of which the individual on their own would be incapable. Epistemic 
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mediators afford the creation of new ideas by enabling the individual to go beyond 
the limits of their own minds and bodies (and those of their fellow reasoners).  
Magnani (2013) demonstrates the power of such epistemic mediators when he 
convincingly presents drawing as the key driving force of the development of non-
Euclidean geometry. He argues that Nikolai Lobachevsky was only able to make his 
discoveries, challenging the status quo of Euclidian geometry, through his drawings. 
Magnani (2009) agrees with Clarke (2003) that when humans engage in abductive 
reasoning they are functioning as cyborgs because the epistemic mediators become 
an extension of their minds and bodies. 
2.4.4 Abductive reasoning is a practical human activity – The need to 
naturalise logic 
Thus Magnani (2001, 2009) continues the work of Peirce (1992a, 1998a, 1998f) and 
makes a convincing argument that abductive reasoning is central to discovery in 
science and thus to a logic of discovery. However Magnani (2009, 2015a, 2015b) 
also argues in solidarity with Woods (2013) that this logic of discovery is not 
possible unless the “classical logic” (Magnani, 2009, p. 361) is replaced with a 
“naturalised logic” (J. Woods, 2013, p. 11). As Magnani (2015b, p. 13) argues: “A 
complete revision of mainstream logic is an urgent task to be achieved” in order to 
recognise and value the creative aspect of reasoning, which can only occur if there is 
a “naturalising of logic.” 
 Woods (2013) and Magnani (2009, 2015a, 2015b) propose that the dominant 
approach to reasoning is a logic (remembering that according to Peirce (1998b) logic 
is an account of reasoning) in which “human reasoning is modelled as an idealized 
mechanism for computational operations on syntactic representations” (J. Woods, 
2013, p. 21) that concerns only “right reasoning” (J. Woods, 2013, p. 2), in other 
words deduction and induction that are executed without error of fallacy. As Woods 
(2013, p. 12) argues “there are no people in the models of mainstream mathematical 
logic” and “how could logic succeed as a theory of reasoning without somehow 
taking reasoners into account?” (J. Woods, 2013, p. 19). This classical logic suffers 
from “idealizations imposed by theory” (J. Woods, 2013, p. 514) ,which means that 
“as regards classical logic…abduction can be defined as fallacious” (Magnani, 2009, 
p. 362). It “coincides with the fallacy of affirming the consequent” (Magnani, 2009, 
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p. 387), which in syllogistic terms is “the mistake of having a conditional and its 
consequent, and from this deriving the antecedent” (Magnani, 2015b, p. 25).  
As a result of this logic giving “slight regard for what we might call ‘third 
way reasoning’ ” (J. Woods, 2013, p. 4), this creative aspect of the discovery process 
is not deemed a legitimate part of reasoning. The classical logic “makes us all 
inferential-misfits” (J. Woods, 2013, p. 11) because much of what we do in our 
everyday lives constitutes this erroneous and fallacious way of reasoning. In other 
words we, including students of science, are not deemed to be reasoning at all. 
 Hence the need for “weakening the rigidity of classical logic” (Magnani, 
2009, p. 383) by establishing “an empirically sensitive practical logic of erroneous 
reasoning” that is “agent-centred, goal-directed and resource-bound” (J. Woods, 
2013, p. 16). The focus of such a logic must be “beings like us”; biological agents 
that execute reasoning, including often generating new ideas by guessing hypotheses 
(i.e. through a process of affirming the consequent, in other words abduction), in 
order to achieve a particular practical outcome with only limited resources. This is 
the naturalised logic: “an approach to reasoning that pays attention to what people 
are like, how they are put together and what they get up to when they reason” (J. 
Woods, 2013, p. 12). By naturalising logic in this way “agent-based fallacies and 
agent-based hypothetical fallacious reasoning can be redefined and considered as a 
good way of reasoning” (Magnani, 2009, p. 416). The naturalised logic not only 
positions abduction as a legitimate form of reasoning, but as a good way to reason. 
  The creative aspect of the discovery process is thus established as a part of 
reasoning and as a powerful driver of meaning making, and this is done so from a 
logical perspective such that abduction can be identified and analysed (much like 
deduction and induction) (Magnani, 2009, 2015a, 2015b; J. Woods, 2013). By 
naturalising logic in this way then a logic of discovery is possible. I explore in this 
thesis the need for this naturalisation of logic to take place in the science classroom, 
or more correctly the need for it to be further embraced as it is already present in 
some form, in order for the logic of discovery to be realised and thus for the 
discovery process to be facilitated in the classroom. I will suggest that it is essential 
in order for teachers to be able to more effectively support and facilitate students’ 
abductive reasoning. 
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2.5 The nexus of science and science education 
But what does all this mean for science education? What is the relevance of the logic 
of discovery for those researching science education? More importantly, what is the 
relevance of the logic of discovery for the teachers and the students of science? 
These questions formed an important background to this research and I attempt to 
address them throughout this thesis. To answer these questions, we must switch our 
attention from science to science education (that involves school science), which 
necessitates an exploration of the relationship between these two disciplines. 
2.5.1 School science and authentic science 
Firstly I highlight a distinction, evident in the literature (e.g. Aikenhead, 1996, 1998, 
2001b; Costa, 1995; Phelan, Davidson, & Cao, 1991), between school science and 
science education. School science is the students’ practicing of science in the 
classroom, while science education is the teaching and the learning of this science. 
Thus science education necessarily involves school science. And thus it is essential 
to have a clear understanding of the definition of school science. Which, if it is 
anything like science itself, will be contested and multifaceted.  
In order to do so I must carefully consider the relationship between science as 
it occurs in the laboratory and science as it takes place in the classroom. There is a 
distinction made by those researching science education between “authentic science” 
(Aikenhead, 1986, p. 2), which is science as it is practised by scientists, and “school 
science” (Costa, 1995, p. 315), which is science as it is practised by school students. 
Thus authentic science is just another term for what is normally understood as 
science. Students in the classroom are not seen to be practicing the same science as 
scientists in the laboratory. As I will propose later, this distinction begins to dissipate 
when it comes to inquiry in the science classroom. This distinction becomes clearer 
if we adopt Aikenhead’s (1996, p. 2) “cultural perspective for science education,” 
which builds upon and extends the seminal work of Costa (1995) as well as that of 
Phelan et al. (1991).  
But, before proceeding, the notion of culture must be addressed. Culture has 
myriad meanings, depending on the context in which it is used and the purpose for 
which it is employed (Kroeber & Kluckhohn, 1963). The meaning of culture is as 
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disputed as the meaning of science. I will not attempt in this thesis to discuss culture 
in detail; this would be prohibitively lengthy and beyond the aims of the research, 
other than to suggest that there are two main meanings of culture. The first describes 
issues of aesthetics and the second describes the way in which people live (Berger, 
2000). The former could be labeled the ‘aesthetic’ use of the term culture, it is the 
definition used most broadly in Western society, while the latter could be termed the 
‘anthropological’ use of the term culture, it is the definition developed and used by 
anthropologists. 
In this thesis, culture is used in the context of science and school science and 
for the purpose of determining the meaning of science and school science. This 
investigation, as detailed earlier, takes place within the broader context of Peircean 
(1998b) semiotics, in which representations (i.e. symbols) and reasoning converge. 
Hence the anthropological definition of culture seems most suitable. But which 
specific anthropological definition? Again there are many from which to choose 
(Watson, 1995). For the purposes of this study it seems Geertz’s (1973) notion of 
culture seems most useful. Geertz (1973, p. 89), one of the founding fathers of 
symbolic anthropology, proposes culture as:  
…an historically transmitted pattern of meanings embodied in symbols, a 
 system of inherited conceptions expressed in symbolic forms by means of 
 which men communicate, perpetuate, and develop their knowledge about and 
 their attitudes toward life.  
For Geertz (1973, p. 5), “man is an animal suspended in webs of significance he 
himself has spun.” Geertz (1973, p. 5) takes “culture to be those webs” and “the 
analysis of it to be therefore not an experimental science in search of law but an 
interpretative one in search of meaning.”  
All of this means that I must interpret the culture of science and the culture of 
school science, as discussed by Costa (1995), Phelan et al. (1991) and Aikenhead 
(1996) (see below), as webs of significance within which the students, along with 
their teachers (and more knowledgeable others more broadly), are suspended. 
Science and school science consist of specific sets of symbols, which have particular 
meanings for those practicing science and school science, and these determine the 
ways in which scientists and students perceive and interact with the world. Just as 
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importantly, as will be discussed in the methodology and method chapter, by 
adopting this Geertzian (1973) notion of culture I can conduct an interpretive 
analysis of the students’ practicing of school science (with a focus on the symbols 
they create and interact with) and present this as a potentially productive way of 
searching for meaning (the meaning of the symbols for their learning, but more 
specifically for their reasoning). As this is an interpretive analysis as opposed to the 
implementation of experimental science then, as Geertz (1973) suggests, I am not 
seeking to establish any laws of student learning, but rather trying to make meaning 
of particular instances of students’ reasoning, specifically abduction. 
Phelan et al. (1991) propose that students occupy many different worlds, or 
social arenas, one of which is the world of school. The worlds outside school include, 
among others, family and friends. Each of these worlds is defined by a distinctive 
culture and each of these cultures consists of a unique set of “values and beliefs, 
expectations, actions, and emotional responses” (Phelan et al., 1991, p. 225). If we 
were to once again employ Geertz’s (1973) notion of culture then these values and 
beliefs, expectations, actions, and emotional responses must be seen as manifest in 
symbols (i.e. representations) that constitute the webs of significance which students 
inhabit. Anyone who inhabits these worlds must abide by the requisite cultural 
norms. The challenge faced by students, and for all those who are to survive in 
society, is to travel between these different worlds and so successfully negotiate “the 
borders and boundaries” (Phelan et al., 1991, p. 225) surrounding these different 
worlds. As Phelan et al. (1991) suggest, the educational experience of students is to a 
significant degree determined by their ability to successfully cross from the non-
school worlds into the world of school. The greater the difference between worlds, 
the more difficult it is for students to successfully travel between these worlds and 
positively experience school, in addition to developing the knowledge and skills 
necessary to prosper in the 21st Century. 
Costa (1995, p. 313) extends Phelan et al.’s (1991) notion of multiple worlds 
beyond school, friends and family and proposes science as “another world.” The 
world of science has a specific culture and anyone wanting to inhabit the world of 
science must follow its unique set of values and beliefs, expectations, actions and 
emotional responses (1995). Those wanting or having to practise science (including 
students) must successfully negotiate the transition from the worlds of family, friends 
and school to the world of science. As with the world of school, the greater the 
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difference between the non-science worlds and the world of science, the more 
difficult it is for individuals to successfully travel between these worlds and 
positively and productively engage with science. 
Aikenhead (1996, 1998), as discussed above, brings together and extends the 
work of Costa (1995) and Phelan et al. (1991) by positing school science as a world 
distinct not only from family, friends and school but also from science as it occurs 
outside school. He identifies school science as a unique subculture of the broader 
culture of science, while science itself is a subculture of the broader Western culture 
(more on this below). The “norms, values, beliefs, expectations, and conventional 
actions” (Aikenhead, 1996, p. 8), which from a Geertzian (1973) perspective are 
again manifest as symbols (i.e. representations), that constitute the culture of school 
science are significantly different from those of science. This cultural difference 
between ‘science as it is practised by scientists’ and ‘science as it is practised by 
students’ is the reason for the difference between authentic science and school 
science. School science and authentic science constitute different webs of 
significance. 
As Aikenhead (1996, 1998) argues, in order for one to become a student of 
science one must become a member of this culture of school science and adopt the 
requisite norms, values, beliefs, expectations and conventional actions. This requires 
students to travel from the culture of their non-school worlds into the culture of 
school science. Aikenhead (1996, 1998, 2001b), among others (e.g. Brayboy & 
Castagno, 2008; El-Hani & Bandeira, 2008; Olugbemiro, 1995; Olugbemiro & 
Okebukola, 1991), identifies this particular cultural shift as one of the most 
challenging that students face because the culture of school science is so different 
from the cultures of students’ non-school worlds. This necessitates the careful 
management, involving the teacher working with the students, of “border crossing” 
(Aikenhead, 1996, p. 2) into school science.  
Thus I have established that science conducted in laboratories and science 
conducted in school classrooms is perceived as different by those researching science 
education. But different in what ways? What are the identifiable differences between 
authentic science and school science? What exactly constitutes authentic science and 
school science? It is necessary to answer these questions if we are to determine the 
meaning of science and school science. 
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2.5.2 The mystery of discovery in school science 
If we continue to employ Aikenhead’s (1996) cultural perspective for science 
education then, as mentioned above, authentic science can be conceptualised as a 
subculture of the broader Western culture. Authentic science, as Brayboy and 
Castagno (2008, p. 736) suggest, is “Western science.” Western science has its 
foundations in realism, objectivism, reductionism, positivism, empiricism and 
universalism (Aikenhead & Ogawa, 2007; Brayboy & Castagno, 2008; El-Hani & 
Bandeira, 2008; Ryan, 2008). And, I also suggest, Western science is strongly 
entrenched in the classical logic identified by Magnani (2001, 2009) and Woods 
(2013).  
Those practicing Western science are primarily concerned with observing the 
natural world in order to develop an understanding of the natural world as it is. As 
discussed earlier, in regards to Popper (1959), this involves scientists generating 
hypotheses about the natural world, which must necessarily be falsifiable, and 
conducting experiments in order to gather evidence to either support or refute these 
ideas. If the hypotheses are supported then they can be further refined and tested until 
they are eventually accepted among the scientific community as facts. If, however, 
the hypotheses are refuted then they must be radically modified or replaced (with 
entirely new hypotheses) and the process repeated. However as per the classical 
logic, the creative aspect of this discovery process (i.e. abduction) is deemed illogical 
and black boxed as intuition; it cannot be identified and analysed. The scientist is 
positioned as an idealised logical agent that executes right reasoning, not as a 
practical agent that does what is necessary within the bounds of time and resources to 
achieve particular goals.   
But this is not all there is to Western science, nor therefore is this all there is 
to authentic science. Those critical of Western science (e.g. Aikenhead & Elliott, 
2010; Brayboy & Castagno, 2008; Cobern & Loving, 2001; El-Hani & Bandeira, 
2008; Olugbemiro, 1995; Ryan, 2008) argue that it is also anthropocentric, 
technomechanistic and hegemonic. They propose that Western science is, and has 
been since its inception, a form of colonialism. When Western science is brought to 
non-Western nations it brings with it cultural baggage. Often indigenous 
understandings of the natural world (and the supernatural world) are superseded by 
Western science. A process of acculturation prevails. It is important to emphasise 
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here that those questioning the value of Western science, among whom I would 
include Magnani (2001, 2009) and Woods (2013) (who seek to challenge classical 
logic and promote the naturalised logic), more often than not adopt the cultural 
perspective for science education and are not seeking to destroy science. Quite the 
opposite, they are motivated by a desire to reconceptualise science in order to make 
science more accessible for more people and acknowledge that this may seriously 
challenge some people’s notion of science (Aikenhead, 1998; Aikenhead & Jegede, 
1999).  
I propose that Magnani (2001, 2009) and Woods (2013) can be positioned 
alongside those questioning this Western science. Although they are not primarily 
driven by a desire to fundamentally change school science, rather they seek to 
reconceptualise the discovery process in science as a logical process and reposition 
those who reason as practical as opposed to ideal agents of reasoning. Nevertheless I 
argue in this thesis that they can usefully inform discussions concerning school 
science, particularly when it comes to discovery in the classroom, and I develop this 
argument throughout the thesis. 
While there are other ways to conceptualise authentic science, from Latour’s 
and Woolgar’s (1986) and Latour’s (1987) social model of science to Feyerabend’s 
(2010) anarchistic model of science, both discussed earlier and both concerted efforts 
to address the perceived pitfalls of Western science, it is Western science that is the 
dominant representation of authentic science (Cobern, 1996; Cobern & Loving, 
2001), not only in Western society, but globally. Perhaps most importantly, for the 
purposes of this thesis, the reach of Western science extends all the way to the 
science classroom, such that school science is a particular form of Western science 
(Aikenhead, 1997, 2006; Aikenhead & Elliott, 2010; Brayboy & Castagno, 2008; El-
Hani & Bandeira, 2008; Ryan, 2008). Again bringing in the ideas of Magnani (2001, 
2009) and Woods (2013), I therefore propose that school science is shaped by the 
classical logic because it is this logic that dominates Western science. 
Thus school science, wherever the Western model of education is practised, 
displays all the hallmarks of the philosophy of Western science discussed earlier. 
School science is the realisation in the classroom of the dominant representation of 
science (Aikenhead, 1997, 2001a, 2002; Aikenhead & Ogawa, 2007; Brayboy & 
Castagno, 2008; El-Hani & Bandeira, 2008; Ryan, 2008). It is based on realism, 
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objectivism, reductionism, positivism, empiricism, universalism and, I argue, 
classical logic. Therefore in this thesis I extend the arguments of Magnani (2001, 
2009) and Woods (2013) to the educational context and suggest that in the science 
classroom it is only reasoning that complies with classical logic, thus deduction and 
induction but not abduction, that is foregrounded as a logical part of science and as 
amenable to analysis and identification. The student is perceived as an idealised 
logical agent when they reason, while their acting as practical agents of reasoning to 
create new ideas is not recognised. As such, using the words of Woods (2013), 
students are often positioned as inferential misfits because the reasoning that they 
execute (i.e. abduction) does not comply with classical logic. The discovery process 
in the classroom, as it is in the laboratory, is thus shrouded in mystery. 
This means that the cultural baggage of Western society, including I argue 
classical logic, is present in the science classroom and both students and teachers 
must operate within its boundaries. In the context of this thesis it is classical logic, 
and its valuing only of right reasoning, that is of most concern because it makes 
impossible a logic of discovery in the classroom. The solution to this problem, 
according to critics of Western science (e.g. Aikenhead & Elliott, 2010; Brayboy & 
Castagno, 2008; Cobern & Loving, 2001; El-Hani & Bandeira, 2008; Olugbemiro, 
1995; Ryan, 2008), is to explicitly challenge the foundations of Western science in 
order to make it accessible to more students. I argue in this thesis that those in 
science education would do well to follow the lead of Magnani (2001, 2009) and 
Woods (2013) in challenging classical logic and pursing a naturalised logic in the 
science classroom. In other words, like many before me, in this thesis I am calling 
for a focus on discovery in the classroom, because discovery is the heart of authentic 
science (discussed in the next section). But unlike most before me, I am exploring 
the idea that discovery in the classroom can only be properly supported and 
encouraged if a logic of discovery is made possible in the classroom by adopting the 
naturalised logic and perceiving the creative aspect of discovery (i.e. abduction) as a 
logical component of reasoning. 
2.6 Discovery in the science classroom 
I have thus discussed at length discovery in the world of science. It is now necessary 
to discuss the manifestation of discovery in the science classroom because the focus 
of this thesis is school science, in particular discovery in the classroom. By tracing 
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the development of approaches to science education that prioritise discovery, I aim to 
demonstrate the existing status of discovery in the science classroom as a way of 
setting up my research as a contribution to this aspect of science education. As I will 
show, it is when school science aligns with authentic science that discovery occurs in 
the science classroom and it is this that those in science education suggest should be 
the aim of science education. 
2.6.1 Direct instruction and inquiry 
I firstly suggest that when it comes to considering discovery in the science classroom 
it is useful to think of a continuum from no discovery to significant discovery on the 
part of the students (Barrow, 2006; Bevins & Price, 2016; Cobern et al., 2010; 
Hammer, 1997; Minner et al., 2010). This mirrors a continuum from teachers 
providing prescriptive guidance to no guidance at all. Direct instruction involves the 
teacher “providing information that fully explains the concepts and procedures that 
students are required to learn as well as learning strategy support that is compatible 
with human cognitive architecture” (Kirschner, Sweller, & Clark, 2006, p. 75). The 
teacher provides the student with constant guidance both in terms of the concepts 
under consideration and the skills required to practise science, and the focus is very 
much on the transfer of knowledge and skills from teacher to students (Cobern et al., 
2010). Proponents (Kirschner et al., 2006; Sweller, Kirschner, & Clark, 2007) of 
direct instruction argue that this approach is likely to lead to desirable learning 
outcomes, in terms of acquiring knowledge and skills, because the teaching and 
learning process is matched to the cognitive architecture of the brain. In other words 
direct instruction suits the make-up of the student brain.  
However it is clear that there is very little, if any, discovery taking place and 
thus school science is far removed from authentic science. Those critical (e.g. 
Ferguson & Kameniar, 2014; Hmelo-Silver et al., 2007; Kapur, 2008; Larson, 1995; 
Schmidt et al., 2007) of this approach suggest that it often leads to students 
memorising and regurgitating the facts of science and mimicking the practices of 
science. And while students are often provided with opportunities to carry out 
experiments this is in a very restricted capacity, what Hume (2009, p. 36) refers to as 
“recipe-style laboratory exercises.” The experiments are very proscriptive in the 
sense that students are told what equipment to use, what to observe and how to 
record these observations. The focus is on controlling variables, conducting fair tests 
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and producing a text that fulfils all the criteria of a laboratory report (Crawford, 
2007; Haigh et al., 2005; Hammer, 1997; Hume, 2009; Waight & Abd-El-Khalick, 
2011). The students are simply carrying out as best they can the prescriptive 
practices of science.  
Students are provided with few opportunities to create their own hypotheses 
as well as design experiments to collect evidence, based on observations, to assess 
their ideas. This means that they cannot support, refute or modify their ideas in the 
pursuit of new scientific understandings. Students have few opportunities to execute 
deductive reasoning and inductive reasoning, let alone the creative aspect of this 
process. The open investigations of authentic science are reduced to closed 
investigations when it comes to school science (Crawford, 2007; Haigh et al., 2005; 
Hammer, 1997; Hume, 2009; Waight & Abd-El-Khalick, 2011). As Hume (2009, p. 
36) suggests, the learning of students is “mechanistic and superficial, rather than 
creative and critical.”  
In contrast to this direct instruction, the inquiry approach involves positioning 
the student as an inquirer and:  
…recognises the inquirer as an active agent who is required to…construct a 
 meaningful, productive inquiry that supports the construction of new 
 knowledge, development of evidence handling skills and promotes student 
 autonomy and exploration (Bevins & Price, 2016, p. 18).  
The teacher provides minimal guidance to the students, only intervening when 
necessary and in a strategic manner, and this is often in the form of support and 
encouragement to explore the scientific phenomena under investigation (Kapur, 
2008; Kapur & Bielaczyc, 2012; Roll, Holmes, Day, & Bonn, 2012; Westermann & 
Rummel, 2012). The focus is not for teachers to transfer knowledge and skills to the 
students, but rather for the students to construct their own understandings of 
scientific phenomena, to solve problems, by undertaking investigations through the 
discursive practices of science (Barrow, 2006; Bevins & Price, 2016; Crawford, 
2007; Hammer, 1997; Hume, 2009; Minner et al., 2010; Waight & Abd-El-Khalick, 
2011). The benefits of the inquiry approach for student achievement and attitudes has 
been documented (e.g. Jiang & McComas, 2015; Saunders-Stewart, Gyles, Shore, & 
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Bracewell, 2015). The students create, test and elaborate their own hypotheses as a 
central part of this process. The teacher’s role is to guide this process.  
It must be highlighted that the inquiry approach actually encompasses many 
different approaches and that the precise definition of inquiry in science education is 
debated (Barrow, 2006; Bevins & Price, 2016; Tan & Caleon, 2016). The above 
notion of inquiry reflects the guided inquiry approach in which the teacher provides 
specific and carefully considered guidance to the students as they undertake the 
inquiry (Bevins & Price, 2016; Hammer, 1997; Sadeh & Zion, 2009; Zion & 
Mendelovici, 2012). While the degree and type of guidance may vary slightly within 
this guided inquiry approach, in all cases the students are guided by their teachers to 
execute inquiry. However other forms of inquiry are less guided by the teacher, 
referred to as open inquiry, the most extreme of these discovery learning (Hammer, 
1997), and involve the students undertaking investigations on their own with no (or 
very minimal input) from teachers (Bevins & Price, 2016; Hammer, 1997; Sadeh & 
Zion, 2009; Zion & Mendelovici, 2012). While open inquiry does have its supporters 
(e.g. Hammer, 1997), evidence suggests that forms of guided inquiry are more likely 
to lead to the development of students’ scientific knowledge and skills because 
without guidance students are likely to flounder as they attempt to problem solve and 
undertake their investigations (Bevins & Price, 2016; Sadeh & Zion, 2009; Saunders-
Stewart et al., 2015; Tan & Caleon, 2016; Zion & Mendelovici, 2012). Students must 
be inducted into the discursive practices of science, not left to find their own way. 
Guided inquiry is the focus of this thesis and henceforth ‘inquiry’ is used to refer to 
guided inquiry (unless otherwise stated). 
It is evident that discovery is the focus of the inquiry approach and in this 
form school science comes very close to authentic science (Crawford, 2007; Haigh et 
al., 2005; Hume, 2009; Waight & Abd-El-Khalick, 2011). Inquiry is a process of 
discovery. Students are presented with problems concerning particular scientific 
phenomena and they must utilise existing knowledge and skills to generate a solution 
(Barrow, 2006; Bevins & Price, 2016; Minner et al., 2010). Indeed proponents of the 
inquiry approaches (e.g. Crawford, 2007; Hammer, 1997; Hmelo-Silver et al., 2007; 
Hume, 2009; Waight & Abd-El-Khalick, 2011) argue that they are valuable for 
teaching and learning science because they approximate authentic science; through 
this process students, overseen by their teachers, are inducted into the discursive 
practices of science. The intention is for students not to simply be capable of 
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replicating the knowledge and skills of science, but to be able to use this knowledge 
and these skills to engage with novel phenomena (i.e. to make meaning of the world). 
Thus I have established that when it comes to discovery in the science 
classroom that the inquiry approach must be the focus of attention. Discovery is 
manifest in the science classroom as a part of the inquiry process. Therefore it would 
seem that in order to achieve quality learning in the science classroom, in the form of 
students being capable of applying scientific knowledge and skills to new situations, 
that inquiry simply needs to be implemented.  
 But, as the literature on inquiry demonstrates (e.g. Bevins & Price, 2016; 
Haigh et al., 2005; Hammer, 1997; Tan & Caleon, 2016), the situation is not this 
simple; students undertaking discovery in the classroom in such a way that 
approximates the discovery undertaken by scientists is not easily achieved. There are 
issues to do with time, resources and curricula; inquiry necessitates much time, many 
resources and is often not fully endorsed by curricula (Bevins & Price, 2016; Haigh 
et al., 2005; Hammer, 1997; Tan & Caleon, 2016). This is not to mention the 
“complex nature of the scientific endeavour” (Haigh et al., 2005, p. 222), in 
particular the discovery process, that is difficult for students and their teachers to 
understand (i.e. determine what it is) and enact (i.e. determine how it is done).  
In this thesis I take a new approach to the challenge of achieving discovery in 
the science classroom; I propose that as long as a logic of discovery is absent from 
the science classroom then the full effectiveness of the inquiry approach, as a means 
of learning through discovery, is unrealised. Even if there are opportunities for 
student creativity within existing inquiry approaches, and these do eventuate, this is 
not recognised as a logical process (i.e. abductive reasoning) that can be identified 
and analysed and thus further supported and encouraged.  
In the following section of the literature review I will trace the development 
of the conceptual change approach into the representation-construction approach. I 
propose that it is a form of inquiry that is particularly appealing to me as it is rooted 
in Peirce’s semiotic and prioritises both discovery and reasoning in the classroom. It 
thus seems a likely candidate for advancing discovery in the classroom. 
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However I argue that this approach to inquiry still shrouds the creative side of 
discovery in mystery because while reasoning is prioritised, abduction is not 
recognised as a legitimate part of the reasoning process. As such I argue that 
discovery in the classroom remains difficult for teachers and students to achieve 
because it remains unclear precisely what it is and how it is done. 
I thus seek in this thesis to build on the representation-construction approach 
by making a logic of discovery possible through identifying and analysing abduction 
as a legitimate form of reasoning that underpins discovery and that is part of the 
inquiry process in the science classroom. This includes a discussion of “productive 
failure” (Kapur, 2008, p. 379) and “productive confusion” (D’Mello, Lehman, 
Pekrun, & Graesser, 2014, p. 155) as constructs that might assist this 
reconceptualisation of inquiry as necessarily involving abductive reasoning. I 
propose that such an approach to inquiry might enable better support and 
encouragement of the creative aspect of the discovery process in the science 
classroom, and thus further facilitate the induction of students into the discursive 
practices of science. But as I also make evident, this cannot take place without 
challenging the classical logic that frames current inquiry approaches and replacing 
this with the naturalised logic.  
2.6.2 Conceptual change 
Before discussing inquiry in relation to representation-construction, as well as 
productive failure and productive confusion, it is informative to explore the roots of 
these approaches in the conceptual change approach to teaching and learning science. 
As Tytler and Hubber (2004, p. 35) suggest, the classical approach to conceptual 
change primarily concerns “ a process of replacing intuitive conceptions with 
scientific understandings.” Students’ intuitive conceptions frame and can also 
interfere with learning about scientific phenomena (Tytler & Prain, 2013). Thus 
students are provided with opportunities to engage with challenges in the classroom, 
which enable them to explore their own ideas during which these ideas are often 
challenged and shown to be inadequate in regards to canonical science. Students are 
then supported and encouraged by their peers and teachers, through collaborative 
discussions, to re-evaluate their ideas in light of canonical science. Thus students, 
through this process of inquiry, are able to construct views of scientific phenomena 
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that are consistent with the scientific view (Tytler & Hubber, 2004; Tytler & Prain, 
2013).  
 There are varying views on the precise nature of conceptual change and the 
way it plays out in the classroom, from the classical approaches of Posner, Strike, 
Hewson, and Gertzog (1982) that emphasise the replacement of specific intuitive 
concepts with specific scientific concepts, to the approaches of Vosniadou (1992, 
1994, 1996), Chi, Slotta, and De Leeuw (1994), Chi (2005) and Chi et al. (2012) that 
emphasise the importance of students altering their epistemological and ontological 
frameworks in order to align with canonical science. While West and Pines (1984) 
suggested somewhat differently that students’ misconceptions are more productively 
considered as alternative conceptions generated by students in their efforts to 
understand scientific phenomena.    
 However despite these differences in emphasis, all of these conceptual 
change approaches are framed by Piaget’s (1955, 1978) constructivism and Kuhn’s 
(1970) notion of paradigm shifts; students construct their way to scientific 
understandings such that their way of viewing the world is replaced with that of 
canonical science. While this approach to teaching and learning can certainly be 
productive, I suggest, drawing on the work of Tytler and Prain (2013), that the 
privileging of canonical science and the emphasis on guiding students to ‘right’ 
thinking has acted to devalue discovery and creativity. Moving conceptions to 
scientifically acceptable forms in a highly managed way does not privilege creativity 
and discovery in the classroom. The focus is on quality learning as conceptual 
imposition and not discovery. I propose that the classical logic is at play because 
students are seen as idealised logical agents that can adopt scientific views through 
logical and rational means (i.e. deductive and inductive reasoning). Therefore, as 
Tytler and Prain (2013) suggest, conceptual change approaches provide minimal 
insight into the particular pedagogical means by which students can bridge the gap 
between their own ideas and the scientific view.  
2.6.3 Representation-construction 
In order for authentic science to be realised in the science classroom, and for 
discovery to take place, there had to be a shift away from learning as solely 
knowledge acquisition and a focusing on, as proposed by Tytler and Prain (2013), the 
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processes by which students come to know and a consideration of the links to the 
processes by which scientists come to discover. In this way “learning in science is 
seen as a process of enculturation into the discursive practices of the scientific 
community” (Tytler & Prain, 2013, p. 576). In other words, as Tytler and Prain 
(2013) suggest, an approach to teaching and learning that prioritises students’ 
reasoning through the use of cultural resources and tools was required. 
Representation construction is such an approach; it is constructivist in nature but 
draws also on the sociocultural theory of Vygotsky (1978) and Peirce’s (1998b, 
1998d, 1998g) semiotic account of reasoning. In outlining this approach to inquiry I 
first discuss the way its proponents conceptualise reasoning and then discuss the 
focus this approach brings to representations as underpinning the reasoning process 
and the broader process of discovery. 
 Firstly I explore the possibility of students developing the ability to reason in 
a scientific way, in other words to apply what Peirce (1992c) calls the method of 
science, and the way in which this can form the basis of quality learning. The link 
between inquiry and reasoning is critical. It is informative to explore how Peirce’s 
(1992c) method of science can be manifest in the science classroom as inquiry 
unfolds.  
Tytler and Peterson (2003, 2004a, 2005) conducted a longitudinal study of 
students in the science classroom and identified a number of key factors to define 
students’ reasoning: the ability to coordinate explanations with evidence, evaluate 
competing knowledge claims, and deal with variables. They demonstrate that 
students are capable of advancing their reasoning by shifting from “phenomenon-
based reasoning,” in which students look to see what will happen, to “relation-based 
reasoning,” in which students focus on the relationship between observable variables, 
eventually developing “concept-based reasoning” (Tytler & Peterson, 2005, p. 73). 
The latter is scientific reasoning, which involves students using the concepts of 
science to generate hypotheses and to guide inquiry in order to conduct experiments 
(Tytler & Peterson, 2003). In this way Tytler and Peterson (2003, 2004a, 2005) 
demonstrate that there is a difference between student reasoning and scientific 
reasoning, but that students are capable of reasoning in a scientific way. They also 
show that this development of reasoning can constitute quality learning, but that this 
is most likely to occur if inquiry with a focus on discovery is adopted as the 
dominant method of teaching and learning. 
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Tytler and Peterson (2003, 2004a, 2005) also demonstrate that reasoning and 
conceptual knowledge are intimately linked. Development in reasoning leads to 
development in conceptual knowledge (Tytler, 1998a, 1998b, 2000; Tytler & 
Peterson, 2000, 2004b). This approach to reasoning in the science classroom 
positions students’ generation of ideas and their exploration and testing of these ideas 
at the centre of quality learning (Tytler & Peterson, 2000, 2003, 2004a, 2004b, 
2005). The above research is clear support for the possibility of realising authentic 
science in the classroom and for the value of inquiry. This notion of reasoning 
underpins the representation-construction approach as a means to achieve discovery 
in the classroom. 
However I propose that while this approach to reasoning certainly provides 
opportunities for students to be creative, and greatly values the students’ generation 
of new ideas, it does not go far enough in applying Peirce’s (1992a, 1998a, 1998f) 
ideas, nor for that matter Magnani’s (2001, 2009) and Woods’ (2013) ideas. The 
creative aspect of hypothesising remains mysterious and not amenable to 
identification and analysis as a logical process. Deduction and induction are evident 
in this process, but what I argue needs to be recognised as abductive reasoning is 
rather recognised as the general creative aspect of discovery. Thus while the 
encouragement and enactment of discovery through creativity are certainly present, 
there is no logic of discovery. I thus suggest that developing a logic of discovery, by 
following in the footsteps of Abrahamson (2012, p. 26) in applying the “lens of 
abductive inference” to science education, will sharpen thinking around this process 
within the representation-construction approach. Having said this, I argue that this 
approach does make progress towards the naturalised logic by focusing on students 
as practical agents of reasoning as opposed to purely idealised logical agents, but I 
suggest that this naturalised logic needs to be further embraced. 
I now shift attention from reasoning to representations, or more specifically 
the relationship between the two. The representation-construction approach positions 
representational work at the centre of quality learning in science (Lehrer & Schauble, 
2012; Lehrer et al., 2008; Prain & Tytler, 2012; Tytler & Prain, 2013; Tytler et al., 
2013). Representations are considered as the key to students’ reasoning in science. 
And extensive research provides convincing evidence that this is the case when it 
comes to students engaging in different strands of science, including chemistry (e.g. 
Prain et al., 2009; Tytler, 2000; Tytler & Peterson, 2000, 2004b; Tytler, Prain, & 
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Peterson, 2007), physics (e.g. Hubber, Tytler, et al., 2010), biology (e.g. Lehrer & 
Schauble, 2012; Lehrer et al., 2008; Tytler et al., 2009) and astronomy (e.g. 
Vosniadou et al., 2004; Vosniadou, Skopeliti, & Ikospentaki, 2005). This 
representational work of students consists not only of interpreting, manipulating and 
negotiating existing representations, but also involves constructing new 
representations (Ainsworth, 1999, 2006; Cox, 1997, 1999; Cox & Brna, 1995; Tytler 
& Prain, 2013; Tytler et al., 2013). 
Through constructing and interacting with representations, students are able 
to make meaning of scientific phenomena by creating and testing hypotheses as they 
reason (Lehrer & Schauble, 2006, 2012; Lehrer et al., 2008; Tytler & Prain, 2013; 
Tytler et al., 2013). As will be further elaborated below, the power of representations 
is that they facilitate discovery, or using the words of Magnani (2002) they are 
epistemic mediators that afford discovery. Students are more likely to experience 
quality learning because authentic science is more likely to be approximated when 
representations afford reasoning.  
The representational work of students, in particular their construction of 
representations, is potentially productive because they are provided with 
opportunities to create approximations of explanations for observed phenomena (i.e. 
hypotheses) through the generation of non-standard representations (Prain & Tytler, 
2012). These representations can be different from the canonical representations of 
science because they are created by students. While these representations may be 
difficult for teachers to formally assess and critique, not being the formal 
representations of science (i.e. the representations present in textbooks and the 
curriculum), they are highly valuable because students are constructing their own 
understandings (Prain & Tytler, 2012; Tytler & Prain, 2010, 2013; Tytler et al., 
2013). Constructing their own representations and interacting with these in 
exploratory ways (i.e. through experimentation) provides students with the 
opportunity to create their own hypotheses and to test these hypotheses (Lehrer & 
Schauble, 2006; Lehrer et al., 2008; Prain & Tytler, 2012; Tytler & Prain, 2013; 
Tytler et al., 2013). Students are able to engage in discovery because representations 
afford their reasoning, in particular the creation of new ideas. 
Again this approach to inquiry is, I suggest, Magnanian (2001, 2009) in 
nature because representations function as epistemic mediators that afford discovery. 
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But again this creative aspect of discovery is not recognised as the logical process of 
abductive reasoning, which I argue it should be by applying the Magnanian (2001, 
2009) lens to the representation-construction approach. Through their 
approximations, students are making claims about scientific phenomena. This is the 
practice of scientists and is what authentic science looks like in the classroom. 
The students’ creation of non-standard representations takes place within the 
context of a series of representational challenges, or tasks, proposed by the teacher 
(Prain & Tytler, 2012; Tytler & Prain, 2013; Tytler et al., 2013). This requires 
students to create and interact with representations in order develop an understanding 
of particular scientific phenomena and to share their ideas and representations with 
their peers, while they also consider the canonical representations of science 
(Carolan et al., 2008; Lehrer & Schauble, 2006; Lehrer et al., 2008; Tytler & Prain, 
2013; Tytler et al., 2013). It is problem-based learning. It is the structuring of 
teaching and learning around these representational tasks that forms the inquiry-
based nature of this approach (Tytler et al., 2013).  
In this case it is guided inquiry, as opposed to closed or open inquiry, because 
while students are free to explore scientific phenomena, their explorations are guided 
by the representations they are challenged to create, and interact with, leading them 
towards a particular engagement with the phenomena (Carolan et al., 2008; Prain & 
Tytler, 2012; Prain & Waldrip, 2006; Tytler et al., 2013). Students are required to 
work with their teachers to make approximations (i.e. create hypotheses) about 
scientific phenomena in order to solve these representational challenges. So while the 
representations constructed by the students are idiosyncratic and non-standard, by 
working with the teachers they are guided towards creating representations that are 
productive, in the sense that they enable students to reason in a way that facilitates 
their development of an understanding of the scientific concepts in practice (Prain & 
Tytler, 2012; Tytler & Prain, 2013; Tytler et al., 2013). 
But what is it about representations, and the creation of representations, that 
make them so valuable for reasoning? Put another way: why is a pedagogy focused 
on representations seemingly so useful for supporting inquiry in the classroom? 
Magnani (2001, 2002, 2009) makes this clear with respect to scientific practice in his 
discussions of the role of epistemic mediators affording reasoning, in particular the 
creation of new ideas to fuel discovery. In order to answer these questions we must 
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first ask: what do representations have to do with authentic science? The answer to 
this question is to be found in the great discoveries of science; the history of science 
is replete with examples of scientists making discoveries as a result of their 
engagement with representations.  
Magnani (2013) demonstrates this with his argument that Lobachevsky 
discovered non-Euclidian geometry through his drawings. He argues that it is 
representations that have enabled scientists to create new ideas, discuss these ideas 
with fellow scientists, test these ideas, refine these ideas and finally communicate 
these ideas to the public (Magnani, 2001, 2009, 2013). So as Magnani (2001, 2009) 
and indeed Peirce (1998b, 1998g) demonstrate, representations are at the heart of 
discovery and authentic science cannot proceed without them. Consequently, as 
Tytler et al. (2013) argue, quality learning cannot be achieved in the classroom as 
authentic science without teachers and students meaningfully engaging with 
representations; not simply as products of pre-existing knowledge but as processes 
that create new knowledge. 
In addition Lehrer and Schauble (2006), Lehrer and Schauble (2010), Lehrer 
and Schauble (2012) and Cox (1999) argue that representations, in particular, 
models, are crucial for students’ reasoning because they enable the natural world to 
be mapped to the representational world; a world in which students’ ideas and 
reasoning are externalised. It is this externalisation, as Zhang and Norman (1994) 
and Zhang and Patel (2006) argue, through which the demands of reasoning are 
distributed among the representations, that enables students to work with their ideas 
and to engage with their reasoning, in particular to explore new ideas about scientific 
phenomena and to go about experimentally testing these ideas (Cox, 1999; Cox & 
Brna, 1995; Lehrer & Schauble, 2006, 2010, 2012; Lehrer et al., 2008). Again 
Magnani (2013) makes this same point about scientists’ and mathematicians’ use of 
drawings as epistemic mediators that afford the creation and exploration of new 
ideas. And all of these ideas can be traced back to Peirce’s (1998b) articulation of 
logic as primarily concerning reasoning as a semiotic process. 
At this point it is useful to reconsider the significant difference between the 
meaning making of the representation-construction approach and that of the 
conceptual change approach. Unlike meaning making conceived of as a 
fundamentally conceptual process, which is central to the conceptual change 
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approach (e.g. Chi et al., 1994; Posner et al., 1982; Vosniadou, 1994), the meaning 
making of representational work is not conceptually determined: students do not 
make meaning when they acquire a particular concept. Rather, meaning-making for 
students primarily concerns reasoning that can be enacted through creating and 
interacting with representations (Lehrer & Schauble, 2006; Lehrer et al., 2008; Tytler 
& Prain, 2013; Tytler et al., 2013). Learning is not only about acquiring particular 
conceptions, but rather “enculturation into the discursive practices of science” (Tytler 
& Prain, 2013, p. 562), and key among these practices is the construction and use of 
representations to reason. Therefore a pedagogy based on the creation and use of 
representations, and a notion of meaning-making as reasoning, is argued to be highly 
supportive of achieving authentic science in the classroom 
Representations, in particular the construction of representations, are so 
valuable for making meaning through reasoning because they offer affordances to 
students; they “productively constrain” (Prain & Tytler, 2012, p. 2757) the meaning-
making undertaken by students. Affordances are what animate and inanimate entities 
offer individuals to perform certain actions. They are not properties of the entities, 
but rather arise from the relationship between a specific individual and the particular 
entity (Gibson, 1979). In the case of representations, and the educational context and 
resources of representational tasks, these are said to offer students particular 
possibilities to reason about scientific phenomena in the process of making meaning 
(Prain & Tytler, 2012). These representations and the associated representational 
challenges are constraints because they limit what students are able to do. 
Specifically, they channel students’ attention and guide them to make particular 
choices (Prain & Tytler, 2012). Thus they are productive, supporting students to 
reason about scientific phenomena in such a way that meaning can be made of these 
phenomena (Prain & Tytler, 2012). 
In this way, as I will make clearer throughout this thesis, the status and role of 
representations as a part of the representation-construction approach is very much in 
line with Magnani’s (2002, 2009, 2013) proposition that representations function as 
epistemic mediators that afford discovery in science by primarily enabling the 
creation of new ideas. I suggest therefore that the representation-construction 
approach is in many ways a manifestation of Magnani’s (2001, 2009) approach to 
discovery in science, but in the context of the science classroom. And I seek in this 
thesis to argue that further extending Magnani’s (2001, 2009) ideas into the science 
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classroom, in particular recognising abduction as a legitimate form of reasoning that 
enables a logic of discovery in the context of a naturalised logic, can potentially 
support a more legitimated and effective approach to inquiry through representation 
construction. 
As mentioned earlier, the representation-construction approach is Peircean 
(1998b, 1998g) in nature and it is through this use of Peirce’s ideas that 
representations and reasoning can be productively related. The meaning-making that 
is undertaken by students, and the reasoning that is conducted through the 
construction of, and interaction with, representations, is seen as a fundamentally 
semiotic process; specifically a Peircean process (Carolan et al., 2008; Prain & 
Tytler, 2012; Tytler & Prain, 2013; Tytler et al., 2013; Waldrip et al., 2010). 
Representations are semiotic tools, or meaning-making tools, which along with 
material tools can be used by students to reason. In other words, these representations 
are epistemic mediators. Prain’s and Tytler’s (2012, p. 2755) “representational 
construction affordances” model (RCA model) demonstrates the value of considering 
meaning-making as a Peircean process (i.e. semiotic process) in the educational 
context, which takes effect at both the epistemic and epistemological levels. 
 Therefore a central aim of the representation-construction approach is for 
teachers to support and encourage students to develop their “meta-representational 
competence” (diSessa, Hammer, & Sherin, 1991, p. 118) by immersing them in the 
process of constructing representational systems . As Tytler and Prain (2013, p. 562) 
propose, building on the work of diSessa et al. (1991), Azevedo (2000), diSessa and 
Sherin (2000) and diSessa (2004) among others, developing meta-representational 
competence as a goal of science education requires students to understand: 
a) the key characteristics of effective representational practices, b) the 
 selective nature of representations, and c) how they are coordinated to 
 produce persuasive solutions. 
But more than this, students must be able to instantiate such understandings in 
practice (Prain & Tytler, 2012; Tytler & Prain, 2013; Tytler et al., 2013).  
 Not only do students need to understand the multimodal nature of 
representations and the variety of different representations (all partial) that can be 
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used in combination to build scientific knowledge (Ainsworth, 1999, 2006; Prain et 
al., 2009; Prain & Waldrip, 2006; Waldrip, Prain, & Carolan, 2006; Waldrip et al., 
2010), as well as the relationship between these representations and the real world 
(Cox, 1999; Lehrer & Schauble, 2006, 2010; Lehrer et al., 2008), but students need 
to be able to put this knowledge into practice. Students need to develop the capability 
to reason through the creation and use of representations. Again the focus is 
inducting students into the discursive practices of science as a focus of inquiry in the 
classroom (Duschl & Grandy, 2008), not only assisting them to acquire conceptual 
knowledge. 
Thus I argue that it is clear that the representation-construction approach as a 
pedagogy is highly effective when it comes to discovery via inquiry in the science 
classroom. This approach brings school science closer to authentic science. Students 
are supported and encouraged by their teachers to create and use representations in 
order to generate, test and elaborate new ideas. Students are in this way inducted into 
the discursive practices of science.  
But again I argue that while the construction and interaction with 
representations is, according to this approach, fundamental to students’ reasoning 
and their making meaning of scientific phenomena, the creative aspect of this process 
remains somewhat mysterious. The generation of new ideas is linked to reasoning, 
but it is not articulated as a logical process that is amenable to identification and 
analysis. The groundwork is laid to establish a logic of discovery by recognising the 
generation of hypotheses as abductive reasoning, but this remains to be done. While 
the naturalised logic is somewhat evident, in that students are positioned as practical 
reasoners who do what they need to develop their understandings, I argue that the 
classical logic still maintains a presence since abduction is not articulated as a 
legitimate part of reasoning. I attempt in this thesis to build upon the groundwork 
established by the representation-construction approach through my exploration of 
abductive reasoning in action as students use computer models to make discoveries. 
In so doing I aim to bring fresh and interesting insights to the discovery process as it 
relates to representation construction in the science classroom. 
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2.6.4 Productive failure and productive confusion 
In order to consider the representation-construction approach in light of abductive 
reasoning, I argue that it is valuable to consider Kapur’s (2008, p. 380) notion of 
“productive failure” and D’Mello’s, Lehman’s, Pekrun’s and Graesser’s (2014, p. 
155) notion of “productive confusion.” While both constructs are not explicitly 
linked to inquiry, I will demonstrate that they can usefully inform discussions 
concerning this approach to teaching and learning. They assist in the investigation of 
the discovery process. 
Kapur (2008, 2010, 2011, 2012, 2014) has demonstrated that science and 
maths students perform (in terms of generating solutions that align with canonical 
science) worse on “ill-structured problems” (2008, p. 380), that is complex problems 
involving many ill-defined and interacting problem parameters and many possible 
solution paths, than on “well-structured problems” (2008, p. 381), that is, less 
complex problems involving few well-defined problem parameters and a number of 
clear solution paths. In addition, during the completion of the ill-structured problems 
there was minimal guidance provided by the teacher in terms of specific instructions 
for the construction of concepts (although they did encourage students take up the 
challenge of generating their own ideas), which was significantly increased during 
the well-structured problem scenario. In both scenarios the students collaborated in 
groups.  
In addition Kapur (2008, 2010, 2011, 2012, 2014) showed that when students 
completed well-structured problems after first completing ill-structured problems 
they performed significantly better than students who first completed well-structured 
problems. He demonstrated that the students from the ill-structured problem scenario 
produced a greater number, and diversity, of representations than the students from 
the well-structured problem scenario, even if these representations did not align with 
canonical science. In addition the students from the ill-structured problem scenario 
demonstrated “complex and divergent exploration of the problem space through 
repeated attempts at analysing the problem, defining the criteria and developing 
possible solutions” (Kapur, 2008, p. 41). This was not evident in the problem solving 
of the students from the well-structured problem scenario. In other words there was 
evidence for both near-transfer and far-transfer of the concepts and skills required to 
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problem solve, but only when students were permitted to engage with ill-structured 
problems and with minimal guidance from teachers. 
Kapur (2008, p. 382) therefore argues that while completing ill-structured 
problems first “may well be less efficient in the shorter term” that “it may also allow 
for learning that is potentially more flexible and adaptive in the longer term.” Thus 
while students may not generate solutions that align with canonical science when 
presented with ill-structured problems, and thus fail in the short term, when they are 
then presented with other problems, either ill-structured or well-structured, they are 
able to demonstrate a developed understanding of the relevant scientific concepts and 
the execution of effective problem-solving skills. It is in this sense that failure is 
productive because this short-term failure can lead to long-term success. Kapur 
(2016, p. 289) therefore makes an insightful distinction between “performance” and 
“learning,” with the former aligned with short-term success in the form of the fixed 
application of knowledge and skills, and the latter aligned with long-term success in 
the form of the flexible application of knowledge and skills. He argues that learning 
should always be prioritised over performance but that achieving both is the best 
outcome.   
Kapur and Bielaczyc (2012) and Kapur (2015) also consider the notion of 
productive failure as a basis for designing and implementing lessons. Two phases are 
deemed necessary for productive failure to succeed in the classroom. Firstly a 
“generation and exploration phase” (Kapur & Bielaczyc, 2012, p. 49) in which 
students create and explore possible solutions to the problems in the form of various 
representations. This is followed by a “consolidation phase” (Kapur & Bielaczyc, 
2012, p. 49) in which students compare their representations with those of their peers 
as well as the representations of canonical science, often by completing worked-
examples. The initial phase of creating and exploring solutions generates a 
framework that enables students to take on board the new information during the 
consolidation phase, as well allowing students to develop an understanding of why 
their representations and solutions did not match those of canonical science. Just as 
the benefits of completing the ill-defined problems are only fully realised upon 
completing well-defined problems, the benefits of creating and exploring ideas is 
only fully realised if followed by a process of consolidation. This sequence of phases 
is designed to support and encourage the development of not only the students’ 
scientific knowledge but also their problem solving skills. 
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I propose that productive failure can be linked to the representation-
construction approach as the two phases identified can be seen as forming a part of 
this inquiry process. As students engage with representational challenges they are 
required to both create and explore their own representations and to consider these in 
relation to the representations of canonical science. While students might not in the 
short-term create solutions in response to the representational challenges that are 
correct, in terms of aligning with canonical science, this is not deemed a failure in the 
long-term as the students are able to develop both their problem solving skills, in the 
form of reasoning with representations, and their meta-representational competence. 
Considering productive failure in relation to inquiry, specifically the representation-
construction approach, allows me to further explore the reconceptualisation of 
abductive reasoning as the creative aspect of the discovery process.  
I further suggest that a more comprehensive understanding of the way in 
which the representation-construction approach can be extended by recognising 
abductive reasoning is to consider productive failure in the light of productive 
confusion. D’Mello et al. (2014, p. 154) argue that confusion occurs when:  
…there is an ongoing mismatch between incoming information and prior 
 knowledge that cannot be resolved right away, when new information cannot 
 be integrated into existing mental models, or when information processing is 
 interrupted by inconsistences in the information stream. 
This confusion can be prompted by contradictions, obstacles, anomalies and similar 
events (Graesser, Lu, Olde, Cooper-Pye, & Whitten, 2005). D'Mello and Graesser 
(2011, p. 1301) argue that this state of confusion is a “cognitive-affective state” and 
as such constitutes a mental and emotional experience for the individual. In the 
educational context this state of confusion is traditionally seen as undesirable 
because the perception of the successful student (i.e. one who has learned) is one 
who is clear as to the workings of the world and not confused: the learning process 
would seem to be inhibited by confusion (D’Mello et al., 2014). 
But as D’Mello et al. (2014, p. 153) argue, “confusion is prevalent during 
complex learning.” Indeed confusion is associated with deep learning in the sense 
that confusion can induce “reflection, reasoning and problem solving” (Graesser & 
D’Mello, p. 14). And it is in this way that confusion has been show to be positively 
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correlated with learning outcomes(e.g. Craig, Graesser, Sullins, & Gholson, 2004; 
Lehman et al., 2011). The explanation proposed for why confusion can be productive 
in this way is Piagetian (1955, 1978) in nature; confusion can lead to cognitive 
disequilibrium that necessitates that students re-establish equilibrium by assimilating 
the new experiences into existing mental schemas or by altering the existing mental 
schemas to accommodate new experiences (Graesser & D’Mello, 2011; Lehman, 
D'Mello, & Graesser, 2012; Lehman et al., 2011). Through this “equilibration,” to 
borrow another term from Piaget (1978), students construct new understandings of 
the world and thus engage in deep learning. This has led some researchers to 
deliberately induce confusion in students in order to facilitate the learning process 
(e.g. Lehman et al., 2012; Lehman et al., 2011). 
However there is an important caveat: confusion is only productive if the 
students can realise (through constructing and/or noticing) a pathway(s) out of this 
cognitive-affective state (D’Mello & Graesser, 2012; D’Mello et al., 2014). In other 
words if the student cannot determine a means to re-establish equilibrium then 
confusion may turn into boredom and eventually frustration resulting in a disengaged 
student. Productive confusion can quickly turn into unproductive confusion. 
I propose, and will further argue as such throughout this thesis, that when 
students productively fail, that this involves productive confusion. In the context of 
the representation-construction approach this means that when students are presented 
with representational challenges they more often than not experience confusion, 
which they seek to negotiate by reasoning through the construction and exploration 
of representations. In so doing students are making discoveries via abductive 
reasoning. I suggest that by considering both productive failure and productive 
confusion in relation to abductive reasoning that I can advance my efforts to shed 
further light on the discovery process as a critical part of school science 
approximating authentic science; particularly as regards the representation-
construction approach. 
2.7 Inquiry and natural selection – Complex systems and multi agent-
based computational models 
I cannot investigate discovery in the science classroom and the inquiry approach in 
an abstract sense. It is necessary to consider a particular scientific topic, or 
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phenomenon, in order to explore abductive reasoning in the classroom. Inquiry in the 
science classroom always takes place in relation to students’ exploration of a 
particular scientific phenomenon, and the specifics of the phenomenon go a long way 
to determining the precise form of the inquiry (and thus discovery process).  
 In this research the focus is the concept of natural selection, which I argue is 
a key phenomenon for biology education and its importance can be best realised by 
considering it as a complex system. By conceptualising natural selection as a 
complex system I propose that the difficulties students experience when learning 
about this phenomenon become clear, as does the best means to overcome these 
difficulties, which is through an inquiry approach that utilises multi agent-based 
computational models as epistemic mediators. Indeed this was one of the main aims 
of this research; I propose that when it comes to students making discoveries about 
natural selection that a representation-construction approach that considers this 
phenomenon as a complex system is the best means to implement inquiry, and that 
multi agent-based computational models are highly valuable for achieving this goal. 
By considering the representation-construction approaching to inquiry in this way I 
also argue that a logic of discovery in the science classroom becomes clearer, at least 
in relation to teaching and learning natural selection, because the creative aspect of 
the discovery process (i.e. abductive reasoning) is even more clearly articulated. 
2.7.1 Teaching and learning about natural selection  
First I must outline what is meant by natural selection, in particular in an educational 
context. A clear definition is essential. After which I can demonstrate the importance 
for students of science to learn about this concept, as well as the difficulties faced by 
students when doing so.  
Natural selection is a mechanism for evolution. Evolution is the change in 
allele1 frequency in a population over time. However unlike the meaning of 
evolution, which is undisputed, there are many possible mechanisms for evolution. 
Natural selection, first proposed by Charles Darwin2 (1968), is the theory best 
                                                 
1 An allele is one of many alternative forms of a particular gene. 
2 While it is Darwin who is most often credited with developing the theory of evolution by means of 
natural selection, it is essential to acknowledge Alfred Russell Wallace who independently conceived 
the theory of evolution by means of natural selection at the same time as Darwin. 
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supported by evidence and is (almost) universally supported by the scientific 
community. Other proposed mechanisms for evolution, such as Lamarck’s evolution 
by means of the inheritance of acquired characteristics, are not widely supported by 
the scientific community. As such it is Darwin’s account of evolution that underpins 
the natural sciences and a comprehensive education in science.  
The best way to understand natural selection, as a scientific concept and 
particularly as a scientific concept that is central to science education, is to explore 
the key concepts of natural selection. Various tests have been developed by 
researchers in science education to evaluate students’ understandings of natural 
selection by identifying particular key concepts as central to natural selection. 
Bishop’s and Anderson’s (1985, 1990) ‘Evolution Diagnostic Test’ (EDT) identifies: 
 Origin and survival of new traits in populations; the role of variation 
 within  populations; evolution as changing proportions of individuals 
 with discrete traits; adaptation; and fitness.  
Anderson, Fisher and Norman’s (2002) ‘Conceptual Inventory of Natural Selection’ 
(CINS) identifies:  
 Biotic potential; carrying capacity; limited resources; limited survival; 
 genetic variation; origin of variation; variation is inherited; differential 
 survival; change in population; and origin of species.  
While Nehm’s and Schonfeld’s (2008) ‘Open Response Instrument’ identifies:  
 The causes of phenotypic variation; the heritability of phenotypic variation; 
 the reproductive potential of individuals; limited resources and/or carrying 
 capacity; competition or limited survival potential; selective survival based 
 on heritable traits; and a change in the distribution of individuals with certain 
 heritable traits.  
However, it is Nehm’s, Beggrow’s, Opfer’s and Ha’s (2012) ACORNS 
(‘Assessing COntextual Reasoning about Natural Selection’), which identifies 
variation, heritability, differential survival and differential reproduction, that I argue 
provides the clearest and potentially most useful list of key concepts to define natural 
selection. I focus on this definition of natural selection because it explicitly identifies 
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the causal mechanisms of natural selection and thus provides a causal definition of 
the process. As Opfer, Nehm, and Ha (2012, p. 745) argue; “the actual work of 
biologists is to use the core concepts of natural selection (variation, heritability, and 
differential survival)3 to explain what causes changes in phenotypic frequency over 
time.” They propose variation, heritability, differential survival and differential 
reproduction as the causal mechanisms (i.e. determinants) of natural selection and 
thus as the key concepts, or what they call “core concepts” (Nehm et al., 2010, p. 
14), for a comprehensive understanding of this scientific concept. 
By expanding on the meaning of these core concepts it is possible to develop 
a definition of natural selection that is tractable in the science classroom. Variation4 
refers to variation in the form of certain characteristics (evident as the phenotype) 
among individuals of a population; specifically characteristics that determine 
survival and reproduction. Heritability refers to the form of the characteristics 
transferred from one generation to the next (via sexual reproduction) due to the 
characteristics having not only a phenotypic form but also a genotypic form (i.e. the 
characteristics are coded in genetic material). Differential survival refers to 
individuals with a specific form of the characteristic being more likely to survive 
than individuals that do not possess this form of the characteristic. Similarly, 
differential reproduction refers to individuals with a specific form of the 
characteristic being more likely to reproduce than individuals who do not possess 
this form of the characteristic.  
The outcome of differential survival and differential reproduction, which is 
only possible due to variation in the phenotype and genotype of the form of 
characteristics and the heritability of these characteristics, is that those individuals 
with the favoured form of the characteristic are more likely to survive and produce 
more offspring (who will also possess the favourable characteristic) than individuals 
who do not possess the favourable form of the characteristic. Consequently, over 
successive generations, due to the selective effect of the environment on the 
individuals in the population, the frequency of alleles in the population changes such 
that the alleles (and phenotype) for the favourable form of the characteristic increase 
                                                 
3 The process of differential survival necessarily entails the process of differential reproduction. 
4 The source of this variation is genetic mutations and sexual recombination. 
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in frequency (conversely the unfavourable forms of the characteristic decrease in 
frequency). 
 So I have now clearly defined natural selection, and as will be seen below in 
a way that is consistent with the Australian Curriculum: Science. Next I must turn 
my attention to determining why natural selection is central to science. And perhaps 
more importantly for those involved in science education: why natural selection is 
important to teach and learn as part of a comprehensive education in science. 
Theodosius Dhobzhansky famously remarked, “nothing makes sense in 
biology except in the light of evolution” (1964, p. 449). In other words, the discipline 
of biology, and by extension the entire biological world, is dependent on, and 
determined by, natural selection. Evolution is the driving force of life and so any 
efforts to understand life (i.e. biological science) must be based on an understanding 
of natural selection. Scientists, in particular those working in biology, cannot act as 
scientists without understanding natural selection; in other words natural selection is 
critical to authentic science. 
By extension those researching natural selection in science education (e.g. 
Demastes et al., 1995; Donnelly et al., 2009; Hokayem & BouJaoude, 2008; C. S. 
Woods & Scharmann, 2001) argue that it must be a focus in the science classroom 
and thus necessarily in the curriculum. If school science is to approximate authentic 
science then it must place significant emphasis on the teaching and learning of 
natural selection. For students to be inducted into the discursive practices of science 
they must develop a comprehensive understanding of natural selection.  
I propose,5 following the work of Ross et al. (2010), that a better 
understanding of the importance of natural selection for the induction of students into 
science is possible by conceptualising natural selection as a “threshold concept” 
(Meyer & Land, 2003, p. 1). As Meyer and Land (2003, p. 1) state:  
A threshold concept can be considered as akin to a portal, opening up a new 
 and previously inaccessible way of thinking about something. It represents a 
 transformed way of understanding, or interpreting, or viewing something 
                                                 
5 I am indebted to Barbara Kameniar for bringing my attention to the possibility of conceptualising 
natural selection as a threshold concept.  
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 without which the learner cannot progress. As a consequence of 
 comprehending a threshold concept there may thus be a transformed view of 
 subject matter, subject landscape, or even world view. 
Once students develop a comprehensive understanding of natural selection then the 
way they interact with, and view, the world is fundamentally changed (Cousin, 2006; 
Meyer & Land, 2003; Meyer & Land, 2005; Ross et al., 2010). In order for students 
to interact with and view the world in a scientific way they must understand natural 
selection. Thus natural selection as a threshold concept is central to science 
education. 
But crossing the threshold is no easy task because threshold concepts are 
troublesome by nature (Cousin, 2006; Meyer & Land, 2003; Meyer & Land, 2005). 
They are what Perkins (2012, p. 36) calls “troublesome knowledge.” They are 
concepts that are notoriously difficult to understand as they do not easily relate to 
everyday life, they can be memorised without meaning, they are conceptually 
complicated and/or they conflict with students’ existing ideas (1999, 2012). I concur 
with Ross et al. (2010) in considering natural selection a form of troublesome 
knowledge, more on this below, with much research (e.g. Anderson et al., 2002; 
Dickes & Sengupta, 2013; Ferrari & Chi, 1998; White, 1997; Wilensky & Reisman, 
2006) demonstrating the signficant difficulties students and teachers enounter when 
trying to teach and learn this concept.   
Importantly this notion of natural selection as a threshold concept is aligned 
with the representation-construction approach, and the broader conceptualisation of 
reasoning as the meaning-making process that underlies learning in science. Students 
do not simply replace their ideas, and the associated ways of interacting with and 
viewing the world, with those of canonical science. Rather students undertake a 
journey with their teachers in which their ideas undergo a transformation, through a 
process of construction, into scientific ways of interacting with and viewing the 
world: they pass through the threshold (Cousin, 2006; Meyer & Land, 2003; Meyer 
& Land, 2005). I suggest that this process is closely aligned with students’ 
negotiation of confusion when they experience productive failure. This crossing of 
the threshold is no easy task and requires students to struggle, much as they do when 
reasoning on complex, ill-structured tasks (Kapur, 2008) and experiencing confusion 
leading to productive learning (D’Mello et al., 2014).    
 76 
Hokayem and BouJaoude (2008, p. 395) argue that if natural selection is so 
important to science then “one would then expect this theory to be a central 
component of the science curriculum.” The importance of teaching and learning 
about natural selection is evident in the Australian Curriculum: Science (ACARA, 
2013),6 in particular teaching and learning at year 10. One of the ‘content 
descriptions’7 for year 10 students of science and teachers of science is: “The theory 
of evolution by natural selection explains the diversity of living things and is 
supported by a range of scientific evidence” (ACARA, 2013, p. 71). This content 
description is accompanied by a list of ‘content elaborations’8:  
 …outlining processes involved in natural selection including variation, 
 isolation and selection; describing biodiversity as a function of evolution; 
 investigating changes caused by natural selection in a particular population as 
 a result of a specified selection pressure such as artificial selection in 
 breeding for desired characteristics; relating genetic characteristics to survival 
 and reproductive rates; and evaluating and interpreting evidence for 
 evolution, including the fossil record, chemical and anatomical similarities, 
 and geographical distribution of species (ACARA, 2013, p. 71).  
The concept of natural selection is also present in the curriculum in the form of the 
content description: “The transmission of heritable characteristics from one 
generation to the next involves DNA and genes” (ACARA, 2013, p. 70). This 
content description is accompanied by another list of content elaborations:  
 …describing the role of DNA as the blueprint for controlling the 
 characteristics of organisms; using models and diagrams to represent the 
 relationship between DNA, genes and chromosomes; recognising that genetic 
 information passed on to offspring is from both parents by meiosis and 
 fertilisation; representing patterns of inheritance of a simple 
                                                 
6 This was the new national curriculum that was under development during the study, designed to 
replace the state-based curricula. 
7 Content descriptions “describe the knowledge, concepts, skills and processes that teachers are 
expected to teach and students are expected to learn. However, they do not prescribe approaches to 
teaching” (ACARA, 2013, p. 8). 
8 Content elaborations “illustrate and exemplify content and assist teachers to develop a common 
understanding of the content descriptions. They are not intended to be comprehensive content points 
that all students need to be taught” (ACARA, 2013, p. 8).  
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 dominant/recessive characteristic through generations of a family; predicting 
 simple ratios of offspring genotypes and phenotypes in crosses involving 
 dominant/recessive gene pairs or in genes that are sex-linked; and describing 
 mutations as changes in DNA or chromosomes and outlining the factors that 
 contribute to causing mutations (ACARA, 2013, p. 71).  
Therefore the concept of natural selection at the time this research was 
conducted was recognised as a critical scientific phenomenon for students to 
understand, as manifested in the national science curriculum. This curriculum clearly 
defined natural selection in a way that aligns with the core concepts outlined earlier 
(variation, heritability, differential survival and differential reproduction). Students 
and teachers were expected to engage with these ideas as they co-constructed an 
understanding of natural selection.    
2.7.2 Reconceptualising natural selection as a complex system 
I propose that the importance of teaching and learning about natural selection, and 
the specific difficulties encountered in this process, can only be fully comprehended 
when natural selection is reconceptualised as a complex system. By doing so I 
suggest that the process of discovery involved in exploring natural selection is made 
clearer, which serves the broader goal in this thesis of seeking a logic of discovery in 
the science classroom. In this way an inquiry approach to natural selection based on 
representation-construction that positions the creative aspect of this process as a 
logical component of reasoning becomes a possibility worthy of productive study. 
Indeed I suggest that an effective approach to natural selection that involves 
representation-construction is dependent on recognising this concept as a complex 
system. 
Firstly to outline what constitutes a complex system. Complex systems are 
seen in nature in the form of the lighting displays of fireflies and the predator prey-
relationship that exists between sheep and wolves (Wilensky & Reisman, 2006). 
They are all around us. Complex systems, fundamentally, are systems in which the 
whole is more than the sum of its parts (Jacobson & Wilensky, 2006). 
Complex systems are hierarchically organised, made up of micro and macro 
levels that are organised such that the micro level is structurally and functionally 
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below the macro level (Levy & Wilensky, 2008; Wilensky & Resnick, 1999). 
Closely connected to this idea is emergence/non-linearity, which is the notion that 
the macro level is a result of the interaction of the parts at the micro level (Chi, 2005; 
Chi et al., 2012). The input does not match the output and so the macro level is a 
pattern that emerges from interaction at the micro level. A complex system is not a 
system composed of many parts interacting in complex ways; a complex system is a 
system that emerges from the interaction of its many parts. An emergent system is 
also necessarily a decentralised/self-organising system as there is no central control 
driving the system, but rather the control is spread among the interactions of the 
many parts at the micro level (Resnick, 1991, 1996; Resnick & Wilensky, 1998).  
While each part at the micro level follows a set of predetermined rules, albeit 
in different ways (complex systems are heterogeneous), these systems are 
nonetheless non-deterministic/random/probabilistic/stochastic (Wilensky, 1993; 
Wilensky & Resnick, 1999). The parts at the micro level do not deliberately interact 
to produce predetermined effects at the macro level. Variance at the macro level is 
the result of the parts at the micro level following the predetermined rules in different 
ways and thus interacting in different ways. This is chaos; small changes in initial 
conditions (in this case the way in which each part at the micro level follows the 
predetermined rules and interacts with other parts) can cause big changes in the 
outcome (in this case the effects at the macro level). It is not random in the sense that 
anything can happen, as the parts at the micro level are constrained by predetermined 
rules, but random in the sense that the outcome is not predetermined.  
Complex systems are also self-regulating; there is no external force that 
controls the structure and the function of the system (Resnick, 1991, 1996; Resnick 
& Wilensky, 1998). This self-regulation occurs principally through the working of 
feedback loops, both positive and negative. However, while complex systems do 
regulate themselves, there is still a role for that which is external to the system; the 
environment. The environment is that outside of the micro level and macro level, 
which has an impact at the macro level through its effects at the micro level. 
Therefore as Goldstone (2006), Lesh (2006) and Wilensky and Reisman 
(2006) argue, a scientific phenomenon defined as a complex system is fundamentally 
different from a scientific phenomenon defined as a non-complex system. This 
certainty applies to natural selection, which is widely recognised (e.g. Chi, 2005; Chi 
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et al., 2012; Dickes & Sengupta, 2013; Wilensky & Reisman, 2006) as exhibiting all 
of the hallmarks of a complex system detailed above. In this way understanding 
complex systems, in particular differentiating between phenomena that are complex 
systems and non-complex system, enables one to perceive and engage with the world 
in a scientific way (Goldstone, 2006; Jacobson & Wilensky, 2006; Lesh, 2006; 
Sabelli, 2006). This includes natural selection such that one cannot engage in 
authentic science without perceiving natural selection as a complex system. 
 Therefore authentic science cannot be achieved in the science classroom 
without students understanding the notion of complex systems and which phenomena 
must necessarily be conceptualised in this way, including natural selection 
(Goldstone, 2006; Jacobson & Wilensky, 2006; Lesh, 2006). In addition, focusing on 
complex systems can lead to opportunities for understanding much beyond science, a 
type of transfer of learning (Barnett & Ceci, 2002; Larsen-Freeman, 2013). Thus in 
order for students to prosper in the 21st Century they must understand and negotiate 
the central role that complex systems play in everyday life (Goldstone, 2006; 
Jacobson & Wilensky, 2006; Lesh, 2006). 
 I further suggest therefore that students cannot make discoveries about 
natural selection without understanding its complex nature. In this way any inquiry 
approach to natural selection must conceptualise this concept as a complex system, 
including the representation-construction approach. In other words a logic of 
discovery, which is built on abduction as the logical manifestation of the creative 
aspect of the discovery process, is not possible when it comes to natural selection 
unless teachers and students adopt this focus on complex systems. 
By focusing on complex systems it becomes clear why some scientific 
concepts, including natural selection, are so difficult for students to fully 
comprehend: it is their status as complex systems that renders these phenomena as 
threshold concepts with a troublesome nature. As Hmelo-Silver (2004), Hmelo-
Silver and Azevedo (2006) and Chi et al. (2012) point out, complex systems are 
particularly challenging for teachers to teach and for students to learn. And as Dickes 
and Sengupta (2013) point out, the majority of the literature supports the idea that 
natural selection is so difficult for students to understand because it is a complex 
system. For example the work of Chi (2005), Chi et al. (2012), Ferrari and Chi 
(1998) and Dodick and Orion (2003) shows that students struggle with the scientific 
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phenomenon of natural selection because they do not understand complex systems. 
There are specific problems associated with teaching and learning about complex 
systems, problems not encountered in the process of teaching and learning other 
scientific phenomena, which pose a great challenge to both teachers and students. 
These concepts possess many of the qualities of troublesome knowledge.  
In particular when students attempt to explore such phenomena they are 
troubled by the “centralized mindset” (Resnick, 1991, p. 207) and the “deterministic 
mindset” (Wilensky, 1993, p. 102). The centralised mindset is the tendency of 
students to conceive of a centralised control, a specific force that is centrally located 
in the system, as determining the activity of the system, including complex systems 
(Resnick, 1991, 1996; Resnick & Wilensky, 1998; Wilensky, 1993; Wilensky & 
Resnick, 1999). Something identifiable, which is at the centre of the system, is 
deemed by students to be in control. Students consequently have difficulty with the 
notion that the activity of the complex system is the result of not one centralised 
control at the micro level, but rather the interaction of many parts that are distributed 
across the micro level. 
The deterministic mindset is the tendency of students to conceive of the parts 
at the micro level of a system as deliberately interacting with each other in a certain 
way to produce predetermined effects at the macro level (Resnick, 1991, 1996; 
Resnick & Wilensky, 1998; Wilensky, 1993; Wilensky & Resnick, 1999). Parts at 
the micro level deliberately determine specific outcomes at the macro level. Students 
consequently have difficulty with the notion that the parts at the micro level, 
although they follow a set of predetermined rules and produce coherent effects at the 
macro level, do not deliberately interact to produce predetermined outcomes. 
The centralised mindset and the deterministic mindset lead to students 
misunderstanding many of the key features of complex systems. Students regard 
negative feedback as a positive, or constructive, force but regard positive feedback, 
which is central to complex systems, as a negative or destructive force (Resnick, 
1996). Similarly, students regard randomness as a destructive force, but which in 
complex systems is a productive force (Resnick, 1996; Resnick & Wilensky, 1998; 
Wilensky & Resnick, 1999). The micro level and the macro level are also confused 
by students such that parts at the micro level are perceived as functioning at the 
macro level and vice versa (Resnick, 1996).  
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Instead of employing an “emergent view” (Wilensky & Resnick, 1999, p. 5) 
of levels, students employ the “organization-chart view” (Wilensky & Resnick, 1999, 
p. 5) or the “container view” (Wilensky & Resnick, 1999, p. 5) of levels in which the 
higher level does not emerge from the lower level. In a similar way students struggle 
to understand the notion of an active environment because they conceive of the 
environment as a passive entity that is acted upon by agents. This can be problematic 
for students because in complex systems the environment exerts an influence on the 
micro level and thus on the macro level (Resnick, 1996). 
In this research I conceptualise natural selection as a complex system and 
thus identify its troublesome nature and potentially transformative effect on the way 
students interact with and perceive the world as determined by its complex nature. 
Natural selection is considered a threshold concept, difficult for students to learn and 
for teachers to teach because it is a complex system. Similarly I consider it important 
for students to learn and for teachers to teach because by conceptualising it as a 
complex system then students’ induction into the discursive practices of science is 
facilitated. In addition, I am exploring the way in which focusing on natural selection 
as a complex system impacts the way students inquire about this concept as they 
make discoveries in the science classroom. I am interested in investigating how a 
representation-construction approach to natural selection in the science classroom 
might be facilitated by this focus on complex systems, in particular the impact of 
such an approach on a logic of discovery.  
2.7.3 Discovering natural selection through the use of multi agent-based 
computational models 
I have established that while natural selection has been acknowledged as a critically 
important scientific concept for students to understand, it poses particular challenges 
for teachers and students. So how can teachers work with students to negotiate the 
troublesome nature of natural selection and cross the threshold? How could this be 
achieved in an inquiry context, in particular representation-construction, in the 
science classroom? The key, once again, is the status of natural selection as a 
complex system and the utilisation of a particular epistemic mediator to afford 
students’ conceptualisation and exploration of natural selection as a complex system.  
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 Modelling, specifically multi agent-based computational modelling 
(MABCM), has been identified as an effective means to overcome the difficulties of 
teaching and learning about complex systems. MABCMs are the only means by 
which scientists are able to simulate complex systems because they can represent the 
complex interactions between the micro level (the multiple agents) and the macro 
level (Jacobson & Wilensky, 2006; Sabelli, 2006). NetLogo (Wilensky, 1999) has 
been shown to be highly effective software for students’ use, modification and 
creation of multi agent-based computational models. This is MABCM software that 
is specifically designed for use in educational settings as it is “low-threshold” but 
“high-ceiling” (Sengupta & Wilensky, 2011, p. 148), and so easy to learn the basics 
but the at the same time facilitates advanced scientific investigation. In addition, 
NetLogo is “glass box,” as opposed to “black box” (Sengupta & Wilensky, 2011, p. 
148), software and so students are able to see, access and modify the code that drives 
the simulations.     
Research on education in chemistry (e.g. Levy & Wilensky, 2011), 
engineering (e.g. Blikstein & Wilensky, 2009; Blikstein & Wilensky, 2010; Sengupta 
& Wilensky, 2011) and biology (e.g. Dickes & Sengupta, 2013; Wilensky & Novak, 
2010; Wilensky & Reisman, 2006; Wilensky, Wagh, & Novak, 2012), including 
natural selection, has demonstrated that MABCMs, when embedded within a 
comprehensive curriculum with supporting material, enable students to not only 
develop a comprehensive understanding of these scientific phenomena as complex 
systems, but to significantly improve their ability to explore complex systems. 
Students can be supported in working with these particular representations to 
construct an understanding of scientific phenomena as complex systems, including 
natural selection, by reasoning (Basu et al., 2015; Blikstein & Wilensky, 2009; 
Dickes & Sengupta, 2013; Jacobson et al., 2015; Wilensky & Resnick, 1999). In this 
way MABCMs have been demonstrated as representations that afford students’ 
reasoning. This research seeks to continue this line of investigation, however I 
conceptualise MABCMs as epistemic mediators and adopt a notion of reasoning that 
acknowledges the creative aspect of the discovery process as a legitimate form of 
reasoning, which I argue is not the case with other research into MABCMs that 
conceptualises reasoning according to the classical logic. 
The great power of MABCMs, in this case NetLogo, to facilitate students’ 
understandings of complex systems has a lot to do with their ability to represent. 
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Specifically, NetLogo enables students, and their teachers, to see and directly 
experience the micro level and the macro level, as well as the associated interactions, 
that underpin natural selection (Dickes & Sengupta, 2013; Wilensky & Novak, 2010; 
Wilensky & Reisman, 2006). The micro level and the macro level are visually 
represented in the interface window of the software. This is in the form of the agents 
and their aggregate effects, which are seen not only in the graphs and counters but 
also in the worlds that represent what is taking place as the agents interact to produce 
patterns. In the case of natural selection, NetLogo enables students to “see evolution 
in action” (Wilensky & Novak, 2010, p. 214). The deep time of evolution and the 
way in which natural selection functions at the population level can be seen by the 
students (Dickes & Sengupta, 2013; Wilensky & Novak, 2010; Wilensky & 
Reisman, 2006). In this way students can see that no central control is driving the 
system and that the system is not being driven in a predetermined direction. It is 
neither centrally controlled nor deterministic in nature. This is difficult to achieve 
without digital representations, and is not possible with all types of computer 
software, only MABCMs. 
The power of MABCMS, such as NetLogo, to facilitate the teaching and 
learning of natural selection is also evident, Dickes and Sengupta (2013) and 
Sengupta and Wilensky (2011) propose, in their ability to facilitate bootstrapping. 
The way in which knowledge about complex systems is represented in NetLogo 
aligns with the way in which students think about complex systems. This is the 
“agent perspective” (Dickes & Sengupta, 2013, p. 924). Students intuitively 
understand complex systems from the perspective of an individual within the system; 
an individual that experiences the world through their bodies, specifically through 
their senses. Students are themselves individuals within the various systems that 
make up society and so they can relate to this representation of complex systems, 
including natural selection.  
 NetLogo enables students to take “the view of a specific individual” 
(Wilensky & Centola, 2007, p. 3) within the system. By becoming a wolf, a sheep, or 
a firefly, as the case may be when studying biology, students are able to “think like a 
wolf, a sheep, or a firefly” (Wilensky & Reisman, 2006, p. 203). This is “embodied 
modeling” (Wilensky & Reisman, 1998, p. 1) in action. The students become the 
individuals within the system and in so doing model the system.    
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 The power of MABCMs like NetLogo is to assist students to transition from 
the perspective of the agent to the “aggregate-level” perspective, which focuses on 
the macro level, and then finally to the “agent-aggregate complementarity” 
perspective, which focuses on both the micro level and the macro level (Dickes & 
Sengupta, 2013, p. 925). Students are able to work with NetLogo as a representation 
in order to reason about complex systems in such a way as to make meaning of 
scientific phenomena. This involves taking an agent-aggregate perspective (which 
reflects both the micro level and the macro level), as opposed to an agent perspective 
or an aggregate perspective. As Sengupta and Wilensky (2011, p. 141) argue, 
students, through the use of NetLogo, are “bootstrapping, rather than discarding their 
intuitive knowledge.” In so doing Sengupta and Wilensky (2011) hint at the power of 
NetLogo to afford the creative aspect of discovery, although they do not 
conceptualise this as abductive reasoning, rather they see it as intuition, because they 
seem to adopt the classical logic.  
 This particular approach to NetLogo and reasoning is further evident in 
Dickes’ and Sengupta’s (2013, p. 923) proposal that by using MABCMs students are 
able to shift from “agent-based reasoning,” which has all the properties of the agent-
perspective discussed above, to “aggregate reasoning,” which aligns with the agent-
aggregate perspective and which is the reasoning of scientists. Dickes and Sengupta 
(2013, p. 929) argue that students are able to do so because MABCMs such as 
NetLogo allow students to participate in the cycle of “prediction-simulation-
explanation”: they are able to test their own scientific ideas as well as the ideas of 
canonical science. 
 Student first make predictions as to what will transpire, at both the agent level 
and aggregate level, when variables (both agent variables and environment variables) 
of the model are set in a particular way. They then run the model observing what is 
taking place, in both the graphics (and counts) and worlds. This includes what is 
happening to the agents and what patterns are emerging from the interaction between 
the agents, in other words what is happening at the aggregate level. The students then 
explain the outcomes of the model in reference to their initial predictions.  
 The process is then repeated, with the findings of the initial experiment used 
to inform the design of the new experiment. In this way, students are able to, with the 
guidance of their teachers, develop their own ideas of science in such a way that they 
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move towards the canonical ideas of science. NetLogo enables students to work with 
representations in order to reason about complex systems in a way that aligns with 
the practices of science (Dickes & Sengupta, 2013). Through this process students 
are provided with the opportunity to become aware of the assumptions that underlie 
their scientific ideas and to test these as well. The aggregate reasoning that students 
are undertaking is the reasoning that scientists undertake: it is scientific reasoning 
(Dickes & Sengupta, 2013). Students reason their way to a more scientific 
understanding of complex systems. 
 Thus while it is evident that MABCMs can facilitate students’ reasoning, I 
propose that existing approaches to NetLogo and reasoning are rooted in the classical 
logic, and thus this research provides limited insights into the way in which such 
models might afford reasoning as a part of a logic of discovery in the science 
classroom. The reasoning that Dickes and Sengupta (2013) describe is deduction and 
induction: the creative aspect of discovery is not explicitly present in the cycle of 
prediction-simulation-explanation. Only right reasoning is considered. In this way 
the possible role that MABCMs might play in the generation of new ideas that drive 
discovery about complex systems, including natural selection, is not explored. This 
was one of the primary aims of this research: to explore the potential role of NetLogo 
as an epistemic mediator that affords students’ abductive reasoning. Doing so by 
considering the generation of new ideas as a legitimate part of reasoning that is 
amenable to identification and analysis (i.e. is a logical process). 
 I am thus exploring whether NetLogo might play a central role as an 
epistemic mediator in the context of the representation-construction approach when it 
comes to teaching and learning about natural selection. In this regard it is relevant 
that the approach to using MABCMs to explore natural selection as a complex 
system is rooted in constructivism, so is Piagetian (1955) in nature, as indeed is the 
representation-construction approach (which also conceptualises learning from 
Vygotsky’s (1978) socio-cultural theory). In particular the use of NetLogo in the 
educational context is framed by Papert’s (1991, p. 1) “constructionism.” This is a 
constructivism for digital technology in education. 
 Papert (1980, p. 7) proposes that constructionism has its roots in 
constructivism as it positions the “child as builder.” Or, following the ideas of Levi-
Strauss (1966), the child as bricoleur (Papert, 1980, 1991; Turkle, 1995; Turkle & 
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Papert, 1990, 1992). Students are perceived to construct their own knowledge and 
understandings of the world based on the cognitive structures (schemas) that reside 
in the mind. In this way, students do a lot of learning without explicit teaching and 
outside the formal educational context. Students as bricoleurs use whatever is at hand 
to make meaning of the world.  
 Constructionism significantly differs from Piaget’s (1955) constructivism, 
however, because the “learner is consciously engaged in constructing a public entity” 
(Papert, 1991, p. 1). Students not only construct their own understandings of reality, 
and in a way construct their own reality, but they do so by making something in the 
world. Something that others can perceive and with which they can interact (Papert, 
1980, 1991). What Papert (1991, p. 11) calls an “object-to-think-with.” Papert (1991, 
p. 8) proposes that it is through the use of computers that constructionism can best be 
realised because they “provide an especially wide range of excellent contexts for 
constructionist learning.” 
 As I am seeking to explore the potential of NetLogo as an epistemic mediator 
that can contribute to discovery in the science classroom, as a part of a 
representation-construction approach to natural selection, my approach to teaching 
and learning is necessarily constructionist in nature. In this thesis I consider the 
Netlogo models used at the science education centre as objects-to-think-with, which I 
suggest is equivalent to the notion of epistemic mediator, and I conceptualise the 
students as bricoleurs. I suggest that the notion of the student as bricoleur is 
commensurate with the notion of the student as a practical agent of reasoning. 
Therefore constructionism is commensurate with the naturalised logic because it 
makes room for the creative aspect of discovery as a logical part of reasoning by 
positioning the bricoleur (i.e. student) as an effective learner (and not, again invoking 
Woods (2013), an inferential misfit). 
2.8 Discovery and researching discovery in science education centres 
Earlier on I established that school science and authentic science are fundamentally 
different in nature, but that through an inquiry approach, in particular the 
representation-construction approach, significant progress can be made to achieving 
authentic science in the classroom. This is the case in particular if a naturalised logic 
is adopted and the creative aspect of the discovery process is recognised as a 
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legitimate part of reasoning, thus establishing a logic of discovery in the classroom. 
But what do I precisely mean by a classroom? This research was not conducted in a 
traditional classroom in a school, but rather in a science education centre. It is 
necessary to consider discovery in the context of informal educational settings. This 
also necessarily informs the way in which I used video analysis for my research: the 
educational context not only influences the form of teaching and learning, but also 
the form of the research. 
2.8.1 Science education centres as locales of discovery 
While there is agreement across society that science education is important for all, 
and thus must be made available to all, with the aim of developing a scientifically 
literate society, there is disagreement as to the most effective means to achieve this 
goal (Falk & Dierking, 2010; Lucas, 1983). There are a multitude of possible 
contexts for scientific education, with each different from the next (Falk & Needham, 
2011). A discussion of all of these contexts is obviously beyond the scope of this 
thesis.  
However, what is important to highlight is the tradition of educators to 
differentiate between so-called formal (i.e. schools, universities etc.) and informal 
(i.e. museums, zoos, science centres etc.) educational institutions (Falk & Dierking, 
2010; Falk & Needham, 2011; Lucas, 1983; McManus, 1992; Rennie & McClafferty, 
1996). This differentiation stems from an understanding that those educating in 
formal settings have a fundamentally different approach to interacting with students 
than those operating in informal settings (McManus, 1992). The notion of learning 
that operates in an informal educational context, such as a science education centre, 
is seen as different from the notion of learning that persists in the school classroom 
(Falk & Dierking, 1992, 2010; Falk & Needham, 2011; Lucas, 1983; McManus, 
1992; Rennie & McClafferty, 1996). By extension, the way in which learning is 
measured in an informal educational context is seen to necessarily be different from 
the way in which learning is measured in a science classroom (Donald, 1991; Falk & 
Needham, 2011; Koran & Ellis, 1991; Koran, Koran, & Ellis, 1989; Osborne & 
Dillon, 2007). 
I am not going to describe in detail all the differences between informal and 
formal educational settings. Rather I want to highlight the significant role that 
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informal educational contexts, specifically science education centres, have 
historically played in fostering discovery in science education. As Rennie and Elliott 
(1991, p. 117)  point out, science education centres are a particular type of informal 
educational context as they are purpose-built to “provide ‘hands on’ learning 
experiences for students.” Such centres are designed to provide particular educational 
experiences for school students, including explicit instruction from more 
knowledgeable others, which align with learning in the formal educational context 
(i.e. school classroom) (Rennie, 1993, 1994; Rennie & Elliott, 1991). 
 Science education centres and other informal educational settings are a 
bridge between the science of laboratories and the science of the school classroom. 
In other words they are a bridge between school science and authentic science. 
Science education centres and the like enable students and their teachers to make a 
closer approximation of authentic science than if they remained in the school 
classroom (or at home!) (Falk & Dierking, 1997; Falk, Koran, & Dierking, 1986; 
Johnston & Rennie, 1995; Rennie & McClafferty, 1996). This is because science 
education centres are full of the material, in the form of scientific equipment, and the 
knowledge and skills, in the form of those working in the science centres (who have 
first-hand experience of authentic science) that define authentic science (Gregory, 
1989; Rennie, 1993, 1994; Rennie & Elliott, 1991).  
The learning experiences of students in informal educational contexts, 
including science education centres, have thus historically been characterised as 
exploratory in nature (Gregory, 1989). Students interact with scientific equipment 
and collaborate with scientifically experienced and literate others to make 
discoveries (Falk et al., 2004; Gregory, 1989; Stevenson, 1991; Tulley & Lucas, 
1991). In this way science education centres can be seen as highly conducive for 
discovery, and thus by extension as locales for inquiry (Johnston & Rennie, 1995; 
Rennie, 1993, 1994; Rennie & Elliott, 1991; Rennie & McClafferty, 1995; Rennie & 
McClafferty, 1996). In addition, as Feher and Diamond (1990) suggest, science 
centres can be seen as laboratories for educational research due to the unique 
learning environments that they create. The hothouse environments in such informal 
educational contexts, in particular the myriad opportunities for discovery, are 
different from the school classroom and can potentially lead to insights into learning 
that may not arise in formal education contexts. I follow Feher and Diamond (1990) 
in considering the science education centre that was the location for this study as a 
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laboratory for the investigation of science students’ computer-mediated abductive 
reasoning. 
2.8.2 The use of video to explore discovery in science education centres 
I briefly mentioned earlier that the way in which learning has been measured in 
informal educational settings has differed from the measurement of learning in 
formal educational settings because the learning taking place in each context is seen 
as different. While I do not aim to provide a comprehensive overview of the different 
ways in which learning has been measured in science education centres; this is well 
beyond the goals of this thesis. I do want to highlight the way in which video has 
been used to explore learning as it occurs in informal educational settings. This will 
be a brief discussion as the use of video in educational research is further explored in 
the chapter that details methodology and method. 
Video has been effectively used to capture and analyse learning occurring in a 
number of different informal educational contexts, including zoos (e.g. Moss et al., 
2010), museums (e.g. Hohenstein & Tran, 2007; Tulley & Lucas, 1991) and science 
centres (e.g. Martin et al., 1991). However none of these studies has focused on the 
use of video to track students’ reasoning, in particular abductive reasoning, in real 
time (the focus of this thesis). Nonetheless these studies have demonstrated that 
video is well suited to enabling an investigation of the exploratory learning that is 
seen to define these informal educational contexts. The importance of students’ 
interactions with each other, more knowledgeable others and scientific equipment 
(i.e. epistemic mediators) has been established through the use of video, thus 
highlighting the multimodal and distributed nature of the abductive reasoning 
process. In this way the discovery process that underpins inquiry has been captured 
on film in informal educational contexts. 
However this video data has not been used to analyse the reasoning process 
that drives this discovery. But video has been used in such a way in the context of the 
school classroom (e.g. Hubber, Tytler, et al., 2010; Tytler & Aranda, 2015; Tytler et 
al., 2009). However even in these formal educational contexts it is the case that the 
creative aspect of the discovery process has not been identified and analysed as 
abductive reasoning and thus as a classical form of reasoning. In this research I seek 
to use video data in just this way in order to explore the nature of abductive 
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reasoning and the role of NetLogo models as epistemic mediators that afford 
abductive reasoning in the context of inquiry. In so doing I draw upon the extensive 
use of video by educational researchers in school classrooms (Derry, 2007; Derry et 
al., 2010) as I seek to expand the way in which video has traditionally been used to 
explore learning, in particular inquiry that is driven by discovery. 
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3 Method & Methodology – Outlining the Theoretical 
Framework and its Application 
In this chapter the theoretical framework, or methodology, for this study is outlined. 
Theoretical approaches determine what constitute ‘data’ as well as how they are 
collected, managed, analysed and discussed. Seen this way, data are ‘generated’ 
rather than ‘collected’ – it is the particular methodological framework we assume 
that renders some activities or phenomena as ‘data’. The method, involving the 
application of this theoretical framework, is outlined after detailing the methodology. 
3.1 A Magnanian approach to reasoning based on Peirce – The case 
for abductive reasoning 
So much occurred in the dynamic and complex environment of the session 
(remembering that the computer session was one of three sessions that made up the 
workshop, but it was the sole focus of this study) that myriad explorations of 
teaching and learning were possible. However this research began with the intention 
of investigating the role of computer models (henceforth ‘model’ refers to computer 
model unless otherwise stated) as digital representations that afford science students’ 
explorations of natural selection, so a method for selecting instances that would 
promote this investigation was required. Upon looking at the video data (more on the 
use of video below) what seemed most interesting and compelling for this purpose 
were those moments when the students noticed anomalies generated by the models. 
They responded with surprise and confusion, and then went about trying to solve the 
anomalies by interacting further with the models, as well as each other, the 
demonstrator (DM), education officer (EO) and iPads. These highly exploratory 
experiences seemed valuable for the students’ development of understandings of 
natural selection, but even more so for the skills, in particular the skill of reasoning, 
required to generate these understandings. 
 As suggested in the literature review, the identification and meaning of these 
moments in terms of teaching and learning was determined using the framework of 
Magnani that he developed from the work of Peirce. The students’ interactions with 
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the DM, EO, models and iPads were thus viewed through a Magnanian lens and a 
Peircean lens, with the Magnanian lens operating at a finer scale than the Peircean 
lens that more broadly framed the analysis. These same lenses were applied to the 
existing research and literature in this field in order to contextualise the thesis. 
Theories function as lenses in research as they are constitutive of what we ‘find’ or 
learn; what we ‘see’ is dependent on our theoretical stance. Atheoretical research is 
an impossibility and research is only ever partial in nature because the researcher 
must always choose a lens through which to explore phenomena (Gorur, 2011). 
 It must be stressed that this was not a linear process from data to theory and 
then back again. Rather initially the data and theory were explored in tandem; the 
theory informed the data (and its analysis), and as such the initial viewing of the 
video was framed by Peirce and Magnani, with the theory in turn informed by the 
data (and its analysis). As such my interpretation and use of Peirce’s and Magnani’s 
work was empirically informed by the video data. A thesis is, as Gorur (2011, p. 620) 
argues, an “assemblage” that reflects the “messiness, richness and excitement of 
knowledge practices.” 
3.1.1 A Peircean framework  
Following Peirce (1992c, 1998b, 1998g), the students’ noticing of the anomalies, and 
their responses to this noticing, were conceptualised as the use of reasoning to 
resolve doubt and fix their beliefs about natural selection. The focus was therefore 
the students’ reasoning; they were building upon existing knowledge as they 
interacted with new information to develop new understandings of natural selection. 
And they did so through the creation and/or use of particular representations, 
principally the models. Their reasoning was semiotic and distributed in nature 
because these representations were manifest in the interactions between the students, 
DM, EO, models and iPads that formed a system. The students’ responses to the 
anomalies involved the creation of new ideas (as hypothesising) to negotiate their 
surprise and confusion. The focus was not just on reasoning, but specifically the 
students’ abductive reasoning. And as per Peirce (1992a, 1998a, 1998e), this 
abductive reasoning was not just a matter of the mind; it involved the senses. What 
the students saw and did was as much reasoning as what they thought and said. Their 
abductive reasoning was multimodal. 
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3.1.2 A Magnanian lens 
However, as explained in the literature review, applying Peirce’s highly insightful 
but complex theories to the science classroom is challenging. His ideas are 
theoretically dense and are not easily applied to the messiness of the classroom.  
Operationalising abductive reasoning is no easy task, but Magnani (2001, 2009) 
provides a way forward as he pushes for the recognition of this form of reasoning.  
Firstly the models (and the iPads to a lesser extent) can be seen as epistemic 
mediators that afforded the students’ abductive reasoning and productively 
constrained their explorations of natural selection. Hence the term ‘computer-
mediated’ to define the students’ abductive reasoning.  
 Therefore the reasoning was distributed between the students, the epistemic 
mediators, their peers, the DM and EO. In my analysis I demonstrate, building on the 
work of Magnani (2001, 2009), that the multimodal nature of the abductive 
reasoning can be seen as involving three distinct, but related, modes: manipulative, 
visual and sentential. As will be elaborated in the sections to follow, this was the 
starting point for the analysis of the video data. Magnani (2001, 2009) also suggests 
that the make-up of these different modes of the students’ abductive reasoning can be 
further refined through the articulation of templates of behaviour, what I have called 
‘moves’, which are patterns that define abductive reasoning.  
 I also adopt the naturalised logic espoused by Magnani (2009, 2015a, 2015b) 
in conjunction with Woods (2013), again following Peirce, and challenge the 
classical logic (both described in detail in the previous chapter). I perceive the 
students as practical agents of reasoning and not ideal logical agents. This means that 
any of the students’ reasoning that may seem erroneous or fallacious should not be 
dismissed out of hand; I need to value as logical and productive the students’ 
abductive reasoning moves that served their explorations and understandings of 
natural selection as it occurred in the session. In so doing these processes of meaning 
making are made amenable to identification and analysis. A focus just on right 
reasoning (i.e. deduction and induction) would overlook much of the reasoning that 
emerged from the students’ interactions with the DM, EO, models and iPads, 
including the abductive reasoning that is the focus of this research. 
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 Both Magnani (2001, 2009) and Peirce (1998b, 1998g) make clear that 
reasoning is necessarily social. This is in keeping with Vygotsky’s (1978) proposal 
that learning involves interaction with an expert other. Through their empirical 
observations, Tytler and Aranda (2015) developed a classification of the discursive 
moves used by expert teachers to support students’ reasoning in the science 
classroom. Based on these theories, and in keeping with the naturalised logic, this 
research adopted a practical and agent-based approach to abductive reasoning. The 
focus is the students’ execution of abductive reasoning to resolve the anomalies 
generated by the models in the session. But at the same time this reasoning is 
conceptualised as necessarily distributed between the students, DM, EO, models and 
iPads. Analytically, the focus is on patterns of abductive reasoning moves and social 
moves as principles that defined the reasoning, rather than on who did what. 
However particular significance was granted to one part of this distributed system, 
the models, because the focus of the research was the role of digital technologies as 
representations that afford students’ reasoning in science. 
3.2 Visual ethnography using video data 
Visual ethnography is the overarching methodology that framed this research and 
guided the way in which the data were collected, managed, analysed and discussed.  
3.2.1 A video-based approach 
Only by focusing on the visually observable facets of the student’s interactions with 
each other, the DM, EO, models and iPads, as well as the auditory component of 
these interactions in the form of talk, was it possible to capture and explore the 
complex and dynamic nature of the students’ reasoning. The term ‘visual’ in visual 
ethnography refers to static images (photographs) as well as moving images (videos 
with audio) (Pink, 2007). This research mainly involved video (and audio) recording 
of the computer session, in particular the students’ interactions with each other, the 
DM, EO, models and iPads as they explored the topic of natural selection. Hence it 
involved video ethnography. 
 Video-based research methodologies have been extensively used in 
educational research (Derry, 2007; Derry et al., 2010) because they enable the 
capturing of the multimodal (talk, gesture, facial expressions, eye movements, use of 
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representations) and distributed nature of teaching and learning (interaction of 
students, teachers and representations) (Barron, 2003; Hadfield & Haw, 2012; Heath, 
2004). Other types of data, including student-generated texts and images, created 
using the Explain Everything application on the iPads, as well as students’ completed 
pre-tests and post-tests, supported the analysis of the video data in this study. 
3.2.2 An ethnographic approach 
The term ‘ethnography’ in video ethnography refers to participant ethnography as it 
is understood in anthropology, which involves researchers situating themselves in the 
participants’ community and participating while simultaneously collecting data for 
the purposes of research (Berg, 2008). In this way the researchers are participant 
observers who can develop a comprehensive, and ‘insider,’ understanding of the 
community (Jorgensen, 1989; O'Reilly, 2009). I acted as a participant observer in 
becoming a part of the community by working with the staff at the Centre, as well as 
collaborating with a computer scientist in the UK, to develop and implement the 
models for the session as well as the curriculum that framed the three sessions of the 
workshop. I recorded my observations in the form of video data. I did not take 
written notes, as I was primarily occupied with operating the cameras during the 
session. 
The ethnographic approach utilised in this study was not the traditional or 
conventional form of ethnography, but rather what Knoblauch and Tuma (2011, p. 
416) refer to as “focused ethnography.” This is a form of ethnography that is short 
term and data intensive, which involves collecting large quantities of data in confined 
spaces and in short periods of time through the use of mechanical data collection 
devices (Knoblauch & Tuma, 2011; Pink, 2004). This was achieved here through the 
use of multiple video cameras and microphones, what Knoblauch and Tuma (2011, 
p. 416) call “videography.” Focused ethnography focuses on particular interactions 
as they take place in specific spaces and over particular periods of time (Knoblauch 
& Tuma, 2011).  
This is precisely the way in which the video equipment was used in this 
study; to record the interactions between the students, DM, EO, models and iPads. 
The use of recording equipment also enables the capturing of the broader context 
within which these interactions take place (Knoblauch & Tuma, 2011). This was 
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particularly important for the analysis of the data in this research, in which the 
hothouse environment of the science education centre (Centre) significantly impacted 
the interactions of interest. Videography has been extensively used in this way to 
effectively explore science education, in both formal contexts (i.e. schools) (e.g. 
Tytler & Aranda, 2015; Tytler et al., 2009; Xu & Clarke, 2012) and informal 
contexts (i.e. science centres, zoos, museums) (e.g. Hohenstein & Tran, 2007; Martin 
et al., 1991; Moss et al., 2010). 
3.2.3 The observer effect 
Data that are collected and analysed using video ethnography are significantly 
influenced by the researcher’s position as a member of the participants’ community 
(Pink, 2007). This was certainly the case with this study as the researcher directly 
impacted the design, implementation and evaluation of the session and thus the 
collection and analysis of data. In addition, the presence of the researcher (and a 
second camera operator) and video equipment in the classroom necessarily 
influenced the interactions of the students, DM and EO such that the practices 
captured were not ‘natural’ (Bogdan & Biklen, 1998). However as soon as one starts 
to research students and teachers in the classroom then the phenomena of interest 
change (the so-called ‘Hawthorne effect’ or ‘observer effect’) (Blease, 1983), such 
that it is not possible to capture phenomena in their natural state. However, the 
students, DM and EO grew accustomed to the presence of the video equipment such 
that it seemed to minimally impact their interactions (i.e. they did not appear to be 
distracted by the video equipment). 
3.2.4 An interventionist approach 
This research was also interventionist in nature, involving myself intervening in the 
normal course of participants’ interactions in order to study the effects of the 
intervention and to hopefully bring about a measurable change that has positive 
outcomes for the participants (Albritton, 2004; DeLucia & Pitts, 2010). Many studies 
in education are designed to intervene in the normal course of teaching and learning 
in order to bring about positive teaching and learning outcomes (e.g. Hubber, Tytler, 
et al., 2010; Tytler et al., 2009; Waldrip et al., 2010). This research was intended to 
explore the effectiveness and effects of supporting and encouraging students’ 
abductive reasoning about natural selection though the use of computer models. The 
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pre-tests and post-tests (further discussed below) were specifically designed to 
measure the impact of this intervention. 
3.2.5 Video data as a sociotechnical construction 
As is the case with all research, not only was the collection and analysis of the data 
influenced by the researcher, but I also determined the very nature of the data. As 
Knoblauch and Tuma (2011, p. 416) argue, “data collection by video is not only 
‘recording’ but also a sociotechnical construction of data.” Video data do not just 
emerge from the research context, but rather are constructed by the researchers; when 
video is recorded “we are engaging in a process [Pink’s italics] through which 
knowledge is produced” (Pink, 2007, p. 105). Those in control of the video 
equipment always determine what is filmed and how, in addition to the specifics of 
the video equipment, the layout of the space (in which the filming occurs) including 
the position of power sources etc. This was certainly the case with this research.  
Hadfield and Haw (2012) suggest that video is not just a form of data, but 
rather a specific resource for meaning-making. Through the construction of video 
data, researchers make meaning of the participants’ interactions. Again this reflects 
what transpired in this research; as the other camera operator and myself decided 
what and how to film, we were making meaning of the students’, DM’s and EO’s 
interactions from which the abductive reasoning emerged. Therefore, the video data 
collected in this research must not be seen as a window into the reality of the 
abductive reasoning that took place, but rather, as reality refracted through the 
interactions, values and beliefs of the researcher; it was a distorting mirror (Clarke, 
2015). 
The management of the video data, just like the data collection, was also a 
sociotechnical construction. The analysis of the video data did not include all the 
video footage that was collected; rather the video data were managed in a particular 
way to serve the goals of the research. Only specific segments of video were chosen 
for analysis. These were video segments that involved the students interacting with 
each other, the DM, EO, models and iPads to hypothesise solutions to particular 
anomalies generated by the models. These particular video segments were selected 
because they served the primary aim of the research: to explore students’ abductive 
reasoning about natural selection as it emerged from their interactions with their 
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peers (i.e. other students), more knowledgeable others (i.e. DM and EO), the models 
and iPads. This “selection of relevant sequences in the data corpus” (Knoblauch & 
Tuma, 2011, p. 418) is a feature of videographies. They have a qualitative focus that 
normally does not seek to generalise beyond the specifics of the research context 
(Knoblauch & Tuma, 2011; Pink, 2007). 
3.2.6 A case study approach 
A case study approach was adopted because it suited this highly selective use of 
video segments and has been shown to be highly useful in science education studies 
(e.g. Tytler, 1998a, 1998b, 2000; Tytler & Peterson, 2000, 2003). This is a research 
approach “in which one or a few instances of a phenomenon are studied in depth” 
(Blatter, 2008, p. 2). It emphasises the in-depth analysis of selected cases in order to 
understand the contextualised and specific nature of teaching and learning (Blatter, 
2008; Timmons & Cairns, 2010). It addresses an important issue in education: every 
student is different and every classroom has specific properties that directly impact 
teaching and learning.  
In this study, each case constituted an episode of abductive reasoning in 
which a specific group of students interacted with a particular model in order to 
explore possible solutions to solve particular anomalies generated by the model. 
Therefore each case involved a different group of students trying to solve a unique 
mystery related to malaria acting as a selection pressure on the human genome. And 
in this way each episode of abductive reasoning details the students’, DM’s and EO’s 
interactions with each other, the models and iPads as they explored natural selection 
via abductive reasoning. Each episode consisted of two video segments that captured 
these interactions.  
The research goal was not to create a generalisable notion of abductive 
reasoning that is applicable to all science classrooms, but rather to explore the 
possibility of using the notion of abductive reasoning to characterise the creative and 
speculative hypothesising that emerged when students interacted with each other, the 
DM, EO models and iPads to explore natural selection. In so doing I explore the 
nature of abductive reasoning by describing the processes involved and elaborating 
the understanding of models to function as epistemic mediators that afford this 
reasoning process. In addition, I investigated the role of video to enable such an 
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exploration of computer-mediated abductive reasoning as it plays out in the 
classroom. 
3.2.7 Combining ethnography and systematic observation 
The analysis of the video data was similarly a process of sociotechnical construction 
that combined ethnography with systematic observation. Mercer, Littleton, and 
Wegerif (2004, p. 200) propose that “ethnographic analysis aims for a rich, detailed 
description of observed events which can be used to explain the social processes 
which are involved.” Systematic observation, however, “involves allocating observed 
talk (and sometimes non-verbal activity such as gesture) to a set of previously 
specified categories” (Mercer, Littleton, et al., 2004, p. 197). So while the 
ethnographic approach is context specific and retains the voices of the participants, 
the method of systematic observation can reduce the video data and the participants’ 
experiences to coding categories. This can be problematic if the coding categories are 
created in isolation from the video data (Mercer, Littleton, et al., 2004; Mercer & 
Wegerif, 2002).  
This research attempted to harness the advantages, and limit the drawbacks, 
of both approaches by combining these methods. An approach which Mercer and 
Wegerif (2002) and Mercer, Littleton, et al. (2004) strongly advocate. This was 
achieved by constructing the coding categories based not only on existing ideas 
concerning abductive reasoning, derived from Magnani (2001, 2009) and Tytler and 
Aranda (2015), but also by drawing on the rich ethnographic data in the form of the 
video footage. Thus the coding scheme was developed by combining the empirical 
with the theoretical (Knoblauch & Tuma, 2011). The coding categories emerged 
from, and reflected, the classroom context and the students’, DM’s and EO’s 
experiences. In addition, each instance of a coding category was paired with an 
interpretation of what was taking place in the classroom at this time (as captured in 
the video data). Each coded event on the timelines for each video segment was 
therefore ethnographically enriched.  
3.2.8 The use of non-video data to support the video ethnography 
The non-video forms of data (pre-tests, post-tests and Explain Everything projects) 
supported the video ethnography and assisted in the analysis of the video data. They 
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formed a part of the broader context within which the video data were collected and 
analysed. And as with the video data, the students’ Explain Everything projects and 
their pre-tests and post-tests emerged from the interactions between the researcher 
and participants.   
The students’ Explain Everything projects consisted of text and image that 
they generated as they interacted with each other, the DM, EO and models. These 
representations were static snapshots that added to the instances of abductive 
reasoning captured on film. The pre-tests and post-tests served as a means of 
repeated-measure t-tests and provided a measure of change in the students’ 
conceptual understanding of natural selection and their understanding of 
representations, designed to reveal any learning gains (Zeilik, Schau, & Mattern, 
1998). The test results were intended to provide insights into the effectiveness of the 
session (Cramer & Howitt, 2004; Petrosko, 2005) by measuring changes in the 
students’ conceptual understandings, although it provided no specific insights into 
the students’ abductive reasoning. 
3.3 The Peircean nature of the video ethnography 
The precise way in which video ethnography is carried out depends on the 
researcher’s theoretical position.  
3.3.1 Video data as signs to be interpreted 
A video ethnography based on Peirce’s (1998b, 1998g) conceptualisation of 
reasoning as a semiotic activity was adopted in this research. This approach 
conceptualises the creations of the students, DM, EO and researcher (Explain 
Everything projects, tests and video footage) as material culture to be read (as a 
text/semiotic discourse to be decoded) for the purposes of analysis. The community 
at the Centre can be viewed as a culture; their creation and/or use of signs are “webs 
of significance” (Geertz, 1973, p. 5) open to interpretation and exploration. The 
meaning of this cultural material can be communicated to others through the 
accounts of the researcher (Tilley, 2001; Wagner, 2011). By the same token, the 
researcher’s creations, in particular the video data, are conceptualised as signs that 
can be interpreted.  
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 This semiotic approach to video ethnography stems from Peirce’s (1992d) 
pragmatism, which positions the students’, DM’s and EO’s understandings of natural 
selection as their conceptions of its sensible effects (for example as manifested in the 
models). And by extension the researcher’s conceptions of the students’ reasoning 
(the focus of this research) consists of my conception of its sensible effects as 
manifested in the video data. As such this approach is interpretive in nature. 
3.3.2 Cultural material as constructed  
Tilley (2001) and Wagner (2011) also argue that the meaning of cultural material is 
not entirely contained within the material itself; rather it is partly determined by the 
creators’/users’ relationship with, and understanding of, that material. This is 
commensurate with Peirce’s proposal that signs are always created and interpreted by 
particular individuals in specific contexts, such that these processes are highly 
specific and contextualised. The participants in this research were not involved in the 
analysis of the data; rather the analysis was entirely researcher-driven. Therefore the 
analysis emerged from, and in many ways constituted, the session. As such these 
interpretations must be seen as partial in nature. However, the researcher-driven 
analysis was adopted because it matched the primary goal of the research: 
developing a theoretically and empirically grounded characterisation of the abductive 
reasoning that emerged from the interactions between the students, DM, EO, models 
and iPads. 
3.4 Adopting a suitable philosophical position 
Jappy (2013) argues for the adoption of a realist, empiricist and idealist philosophical 
position in Peircean video ethnography. This realism, empiricism and idealism 
manifested as a constructivist and sociocultural approach to teaching and learning, as 
reflected in the representation-construction approach that framed the workshop.   
3.4.1 Realism, empiricism and idealism 
The students, DM and EO are conceptualised as inhabiting a reality that is 
independent (i.e. external) from their own existence. The way in which they 
interacted with, and made meaning of, this reality was through generating 
understandings from their sensory experiences (i.e. empiricism). The students’ 
interactions with each other, the DM, EO and models, and the representations that 
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they created and/or used, are conceptualised as instances of students constructing 
their own understandings of reality. These conditions of realism and empiricism also 
applied to the researcher; the most productive way for me to develop an 
understanding of (conceptualise) the students’ reasoning was to develop a system of 
categories to characterise this process (i.e. idealism). 
3.4.2 A constructivist approach 
The research approach was constructivist as it positioned the students as the creators 
of their own meanings through the use of schemas to make sense of the external 
world (Piaget, 1929, 1955, 1978). As the students interacted with each other, the 
DM, EO, models and iPads they constructed their own understandings of the 
epidemiology of malaria and its function as a selection pressure on the human 
genome. Abductive reasoning as a means by which the students explored natural 
selection only makes sense in this context of constructivism: abductive reasoning is 
by its very nature generative of new ideas (Magnani, 2001, 2009; 1992a, 1998a). A 
particular type of constructivism was at play: Papert’s (1980, 1991) notion of 
constructionism. The students were developing an understanding of natural selection 
by constructing products via their interactions with the models; ideas in the form of 
multimodal packages consisting of their manipulations and observations of the 
models, as well as their associated verbalisations and Explain Everything projects.  
3.4.3 A sociocultural approach 
The sociocultural approach (Vygotksy, 1978) is reflected in the conceptualisation of 
abductive reasoning as emerging from the interactions between the students, DM, 
EO, models and iPads. Following Peirce and Magnani, as well as those whose work 
has been specifically applied to the educational context (e.g. Brown, Collins, & 
Duguid, 1989; A. Clark, 2003; Hutchins, 1995; Roth, 2001; Vygotksy, 1978; Xu & 
Clarke, 2012; Zhang & Patel, 2006) this reasoning was not confined to the minds of 
the students, but rather was situated, multimodal, embodied and distributed. It took 
place at the Centre, it was manifested in the students’ actions, observations and 
propositions (verbal and textual), and it was distributed across the network consisting 
of the students, DM, EO, models and iPads. Once again, abductive reasoning as a 
means by which the students explored natural selection only makes sense in this 
philosophical context. Abductive reasoning always: occurs in a particular context, is 
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multimodal (including the body, thus it is embodied), and involves the individual 
working with various epistemic mediators (that form part of a broader distributed 
system). 
3.4.4 Method as a reflection of methodology 
Having outlined the theoretical framework for this study, it is now possible to 
describe the overall design of the study. As well as detailing the way in which the 
different types of data were collected, managed and analysed. A detailed overview of 
the different models with which the students, DM and EO interacted is also provided. 
In the method section it will become evident that the way in which the research was 
carried out on the ground was a direct reflection of the above detailed theoretical 
framework. The collection, management and analysis of the video data (as well as 
the pre-tests, post-tests and Explain Everything projects) was done so through a 
Magnanian lens, within a broader Peircean framework, that builds on the use of 
videography in educational research to consider constructivist and sociocultural 
accounts of teaching and learning. 
3.5 Location – Science education centre 
This research was conducted at a specialist science education centre (Centre) in 
Australia, with some preliminary and follow-up work occurring at the participating 
schools.  
3.5.1 The science education centre as an informal educational context 
The Centre runs a variety of different workshops for school students of different ages 
and abilities. Schools, including students and their teachers, attend for the day or part 
of the day. In addition the Centre staff also go on the road and conduct outreach 
programs with schools that cannot attend. The Centre has an emphasis on students 
working with more knowledgeable scientific others, often PhD candidates, to engage 
with scientific phenomena and scientific equipment, including computer models but 
also microscopes, gel electrophoresis etc., in order to generate their own 
understandings of scientific concepts. Teachers are also a focus of the Centre as it 
provides valuable opportunities for professional development, including supporting 
teachers to develop their conceptual understandings of science but also their 
understandings of the Australian Curriculum: Science.  
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3.5.2 The Centre as a location for the study 
The Centre was a suitable location for this study because it is supportive and 
encouraging of the representation-construction approach to the teaching and learning 
of science. It has a focus on students generating their own understandings of 
scientific phenomena through a process of discovery that emphasises creative 
hypothesising (what in this thesis is called abductive reasoning) through the creation 
and/or use of different representations. The Centre seeks to bridge the gap between 
school science and authentic science. 
3.6 Participants 
A number of different participants were involved in the study. 
3.6.1 The Centre staff 
The different staff at the Centre all played different roles and participated to varying 
degrees in the research, but all made valuable contributions that enabled the study to 
go ahead. The Directors (Ds) oversee the general running of the Centre and are 
involved in all aspects of its operation. The education officers (EOs) work with the 
Ds to design, implement and evaluate the workshops run at the Centre. The Ds and 
EOs not only have extensive scientific experience but also teaching experience. The 
demonstrators (DMs) work with the students during the workshops, supervised by 
the EOs, but are minimally involved in the design and evaluation of the workshops. 
While these DMs have a wealth of scientific experience, they do not have much 
teaching experience, which they do gain by participating in workshops. Essential to 
the running of the Centre are the laboratory manager (LM), ICT manager (ICT) and 
administrative officer (AO) and more recently the scientific animator (SA).  
 The researcher mainly worked with the lead D, EOs and DMs (they were co-
researchers and participants) because they were directly involved in the design, 
implementation and evaluation of the workshops. These EOs and DMs are referred to 
as more knowledgeable others (MKOs). The D contacted DMs and EOs at the Centre 
to gauge interest in the research. The researcher then contacted those interested if 
they wanted to participate. While LM, ICT and AO were not participants, they still 
provided essential support for the design and implementation of the workshops and 
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data collection. In addition a computer scientist from the UK, Simon Lynch, 
significantly contributed to the design and construction of the computer models. 
3.6.2 The schools 
I had an existing relationship with the Centre such that the D first contacted potential 
schools, by communicating with the teachers, to gauge interest in the study. I then 
contacted the schools, again communicating with the teachers, if they wanted to be 
involved. These schools already had a link to the Centre, having previously attended 
workshops, and thus had an understanding of what the Centre provided.  
 As will be detailed below, the study consisted of a pilot workshop (i.e. pilot 
study) and a final workshop (i.e. full study). The pilot workshop involved six 
students and one teacher from a metropolitan, co-ed government school, and eight 
students and one teacher from a regional, co-ed government school.  These students 
were in year 10 and 11 (16-17 years of age). The pilot workshop was run on a single 
day. The final workshop involved 22 students and two teachers from a metropolitan, 
co-ed government school (‘school 1’) and 25 students from a metropolitan, all male 
government school (‘school 2’). These students were in year 10 (16 years of age). 
Four DMs participated in the pilot workshop and final workshop. The final workshop 
was run on separate days for the two participating schools.   
3.7 Research design 
The different stages of the research, and when they occurred, are shown in Figure 3-
1. It involved two main stages: the pilot workshop and the final workshop.  
3.7.1 Overview 
The pilot workshop informed the development of the final workshop that was then 
further refined to create a new workshop, independent of the research, which the 
Centre now offers to schools. In each case the workshops were intended as forms of 
guided inquiry, specifically the representation-construction approach, in which the 
DMs and EOs supported and encouraged the students to explore natural selection by 
generating their own understandings (as representations) via hypothesising as they 
moved towards a canonical understanding of science. However the frequency and 
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form of the support and encouragement provided by the DMs and EOs varied, with 
the final project less guided than the pilot workshop and new workshop. 
3.7.2 Designing, implementing and evaluating the workshops  
Prior to both workshops it was necessary to determine the learning outcomes, which 
were based on the Australian Curriculum: Science and which framed the workshops, 
and to design the various models with which the students would interact, including 
the computer models. In addition the DMs attended a training session prior to the 
final workshop and a debriefing meeting was held after the first running of the final 
workshop and the second running. As the primary focus of this study is the final 
workshop then this is described in detail, while only a brief overview of the pilot 
workshop is provided in order to demonstrate the way in which it informed the final 
workshop (in particular in regards to the method and methodology of the research). 
3.8 The pilot workshop 
The pilot workshop was conducted as a part of an annual education week that 
focuses on providing students with the opportunity to explore the latest 
advancements in science and technology. Each year there is a different focus such 
that each year the workshop is a one-off (not to be repeated). 
3.8.1 Overview 
The pilot workshop involved three sessions, with only the computer session relevant 
to this research and so this is the only session discussed. The other sessions also 
concerned evolution, with students investigating the evolution of the human skull 
and evolution of lactose intolerance. But these sessions were developed and 
implemented by the Centre staff separately from the computer session that was 
developed by the researcher (in conjunction with the Centre staff).  
 The students worked in groups of six with a particular DM, as well as a 
roaming EO, to explore a model (remembering that model refers to computer model 
unless otherwise stated) (specifically designed by the researcher and Centre staff) 
that simulated the natural selection of Darwin’s finches, in particular beak size, on 
the Galapagos Islands as determined by the availability of seeds of different sizes.  
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Figure 3-1 Overview of research design 
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The students were guided not only by the DMs and EO, in the form of questions and 
prompts, but also by worksheets that explicitly stipulated what they needed to do. In 
this way the students’ explorations were heavily scaffolded.   
 The focus was on students’ developing their understanding of the core 
concepts of natural selection: variation, heritability, differential survival and 
differential reproduction (Nehm & Ha, 2011; Nehm et al., 2010; Opfer et al., 2012). 
But also developing their meta-representational competence and ability to reason, in 
particular hypothesise. This knowledge and these skills were conceptualised as 
learning outcomes that were based on the Australian Curriculum: Science. However 
these outcomes and curriculum links were only in preliminary form during the pilot 
workshop, but were fully determined in preparation for the final workshop. The 
interactions between the students, DMs, EO and models were captured on film. 
3.8.2 The value of the pilot workshop to inform the final workshop 
The pilot workshop informed the design and implementation of the final workshop. 
Specifically it established the efficacy of the method and methodology of the 
research, in particular the use of multiple video sources (and associated audio 
sources) to capture the interactions between students, DMs, EOs and models as a part 
of a video ethnography. It also provided evidence that the students were engaged by 
the models and capable of using them to explore natural selection. It also suggested 
that the models could simulate natural selection, in particular variation, heritability, 
differential survival and differential reproduction, in such a way as to facilitate 
students’ reasoning, in particular hypothesising, about natural selection. The pilot 
workshop demonstrated that the data necessary to conduct a video-based analysis of 
students’ abductive reasoning could be obtained using this particular method and 
methodology. While the video data were not analysed, they were managed (made 
amenable for analysis) using both Camtasia Studio and Studiocode, which informed 
the management and analysis of the video data for the final workshop. As suggested 
above, the work on determining learning outcomes and curriculum links for the pilot 
workshop also fed into the final workshop. 
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3.9 The final workshop 
Unlike the pilot workshop, the final workshop was developed specifically for the 
purposes of the study and as the basis for a new workshop to be offered regularly at 
the Centre. 
3.9.1 Overview  
The final workshop also consisted of three sessions, with the researcher and Centre 
staff collaborating to design and implement each of the sessions. All three sessions 
were linked to form a cohesive workshop. However as with the pilot workshop, it 
was the computer session that formed the focus of the study. 
 This final workshop was also designed to develop students’ understanding of 
the core concepts of natural selection (variation, heritability, differential survival and 
differential reproduction), manifested as a set of more specific key concepts (detailed 
below in the form of the learning outcomes that were based on the Australian 
Curriculum: Science), as well as their representational competence and reasoning 
ability, in particular hypothesising (also detailed below as learning outcomes). 
However on this occasion, the students explored natural selection by investigating 
the role of malaria as a selection pressure on the human genome, in particular the hbb 
gene (details discussed below). This topic was chosen because the students were 
unlikely to have explored the relationship between these two phenomena, although 
they likely had some prior knowledge of each. The students, working in pairs and as 
larger groups of six, used the Explain Everything application on iPads (one to a pair) 
to record their experiences as text, drawings, photographs and film.  
 In contrast to the pilot workshop, the students were not guided by the 
worksheets during the final workshop. Rather they were provided with prompt cards 
for the different tasks. In addition, the DMs and EO provided fewer direct 
instructions (in the form of questions and prompts) than during the pilot workshop, 
with a focus on supporting and encouraging the students to create and explore their 
own ideas. The students had to determine the meaning of the data output and the 
available affordances (and how to use these) by interacting with the models and 
iPads and by collaborating with their peers, the DMs and EO. In this way the 
students’ explorations were less heavily scaffolded.  
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3.9.2 Learning outcomes and curriculum links 
The specific learning outcomes for the workshop, in particular the computer session, 
and the links to Australian Curriculum: Science (ACARA, 2013)9 are shown in Table 
3-1 and Table 3-2. The researcher in consultation with the D and EO determined 
these, with the researcher also consulting the teachers from each of the participating 
schools to make sure they were suitable. However it is most accurate to view these 
learning outcomes as reflecting the researcher’s ideas as to the learning aims of the 
workshop. Because while the D and EO were consulted they had different views as 
to the way in which the learning goals of the workshop should be conceptualised. 
 The learning outcomes are presented as statements of understanding (which 
relate to knowledge) and statements of action (which relate to skills). These key 
concepts are specific cases of the core concepts of natural selection, while also 
addressing key aspects of meta-representational competence. The key skills are 
specific cases of the core skill of reasoning as representational work. The learning 
outcomes were conceptualised in this way to ensure that the teachers as well as their 
students understood the purpose of the workshop and its relevance to the curriculum. 
They also emphasised that the learning outcomes were more than just statements in 
the curriculum; they were actions to do and knowledge to know. They were intended 
to reflect authentic science. 
 
Key concept (as statement of 
understanding) 
 
Curriculum link 
All living things are composed of 
cells that contain genetic 
information. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). 
Genetic information specifies the 
behavioural and physical 
characteristics, or traits, of 
organisms. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). 
An allele is one of many alternative 
forms of a particular gene. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). 
As a result of sexual reproduction 
both parents pass genetic 
information to the offspring, which 
is called inheritance. 
The theory of evolution by natural selection 
explains the diversity of living things and is 
supported by a range of scientific evidence 
(ACSSU185). 
                                                 
9 The workshops were designed based on the 2013 version of the Australian Curriculum: Science as 
this was the latest version at the time of the research. 
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There is variation in the inherited 
traits of organisms of the same 
species. This variation is due to 
different individuals of a 
population of a species having 
different alleles. 
The theory of evolution by natural selection 
explains the diversity of living things and is 
supported by a range of scientific evidence 
(ACSSU185). 
Mutation in the genetic information 
is the source of much variation 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). The theory of 
evolution by natural selection explains the 
diversity of living things and is supported by a 
range of scientific evidence (ACSSU185). 
Some inherited traits, called 
favourable traits, may give 
individuals of a population an 
advantage in surviving and 
reproducing in their environment 
compared to other individuals of 
the same population. This is called 
differential survival/differential 
reproduction. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). The theory of 
evolution by natural selection explains the 
diversity of living things and is supported by a 
range of scientific evidence (ACSSU185). 
The individuals of a population 
with favourable traits will survive 
longer and produce more offspring 
capable of reproducing than 
individuals without the favourable 
trait. These individual are said to 
have greater fitness. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). The theory of 
evolution by natural selection explains the 
diversity of living things and is supported by a 
range of scientific evidence (ACSSU185). 
Because favourable traits are 
heritable then the proportion of 
individuals in the population with 
the favourable trait increases in 
each subsequent generation. This 
process is called natural selection. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). The theory of 
evolution by natural selection explains the 
diversity of living things and is supported by a 
range of scientific evidence (ACSSU185). 
Natural selection is a mechanism of 
evolution. Evolution is a change in 
the allele frequency in a population 
over time. 
The theory of evolution by natural selection 
explains the diversity of living things and is 
supported by a range of scientific evidence 
(ACSSU185). 
The environment in which the 
population of the species lives 
determines what is a favourable 
trait because it determines what is 
required to survive and reproduce. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). The theory of 
evolution by natural selection explains the 
diversity of living things and is supported by a 
range of scientific evidence (ACSSU185). 
Phenomena such as natural 
selection are called complex 
systems because they are not 
directed by an individual or group 
of individuals nor are the actions of 
individuals directed towards 
particular pre-determined ends. 
The transmission of heritable characteristics 
from one generation to the next involves DNA 
and genes (ACSSU184). The theory of 
evolution by natural selection explains the 
diversity of living things and is supported by a 
range of scientific evidence (ACSSU185). 
Representations are similar to, but 
not identical to, the things in the 
real world being represented. 
Scientific understanding, including models and 
theories, are contestable and are refined over 
time through a process of review by the 
scientific community (ACSHE191); 
Communicate scientific ideas and information 
for a particular purpose, including constructing 
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evidence based arguments and using 
appropriate scientific language, conventions 
and representations (ACSIS208).* 
Representations only partially 
represent the thing being 
represented. They bring to mind 
one or more aspects of the thing 
being represented, they do not 
represent all aspects of the thing 
being represented. 
Scientific understanding, including models and 
theories, are contestable and are refined over 
time through a process of review by the 
scientific community (ACSHE191); 
Communicate scientific ideas and information 
for a particular purpose, including constructing 
evidence based arguments and using 
appropriate scientific language, conventions 
and representations (ACSIS208).* 
The adequacy of a representation in 
thinking about things in the real 
world depends on how closely it 
matches the key aspects of the 
thing being represented and how 
well it serves the aims of the 
investigation. 
Scientific understanding, including models and 
theories, are contestable and are refined over 
time through a process of review by the 
scientific community (ACSHE191); 
Communicate scientific ideas and information 
for a particular purpose, including constructing 
evidence based arguments and using 
appropriate scientific language, conventions 
and representations (ACSIS208).* 
Representations can be used to 
communicate existing knowledge 
about things in the real world as 
well as generate new knowledge 
about things in the real world. 
Scientific understanding, including models and 
theories, are contestable and are refined over 
time through a process of review by the 
scientific community (ACSHE191); 
Communicate scientific ideas and information 
for a particular purpose, including constructing 
evidence based arguments and using 
appropriate scientific language, conventions 
and representations (ACSIS208).* 
There are different modes of 
representations (e.g. drawing, 
graphs, role plays) and different 
mediums (e.g. digital, non-digital). 
Scientific understanding, including models and 
theories, are contestable and are refined over 
time through a process of review by the 
scientific community (ACSHE191); 
Communicate scientific ideas and information 
for a particular purpose, including constructing 
evidence based arguments and using 
appropriate scientific language, conventions 
and representations (ACSIS208).* 
 
* For the key concepts related to meta-representational competence there were no direct 
links to science as understanding, but rather the content knowledge was related to the 
‘science as a human endeavour’ content descriptions. 
 
 
Key skill (as statement of action) Curriculum link 
Formulate hypotheses about natural 
selection that can be investigated 
scientifically (abductive reasoning). 
Formulate questions or hypotheses that can 
be investigated scientifically (ACSIS198). 
Based on your knowledge of natural 
selection in general develop an 
understanding of particular instances 
of natural selection (deductive 
reasoning). 
Use knowledge of scientific concepts to 
draw conclusions that are consistent with 
evidence (ACSIS204). 
Table 3-1 Learning outcomes and curriculum links for knowledge 
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Based on your knowledge of 
particular instances of natural 
selection develop an understanding of 
natural selection in general (inductive 
reasoning). 
Use knowledge of scientific concepts to 
draw conclusions that are consistent with 
evidence (ACSIS204). 
Interpret and construct representations 
involving different modes (e.g. 
drawing, graphs, role plays) and 
mediums (e.g. digital, non-digital). 
Analyse patterns and trends in data, 
including describing relationships between 
variables and identifying inconsistencies 
(ACSIS203). Communicate scientific ideas 
and information for a particular purpose, 
including constructing evidence based 
arguments and using appropriate scientific 
language, conventions and representations 
(ACSIS208). 
Switch between different modes and 
mediums of representations to re-
represent natural selection and your 
understanding of natural selection. 
Analyse patterns and trends in data, 
including describing relationships between 
variables and identifying inconsistencies 
(ACSIS203). Communicate scientific ideas 
and information for a particular purpose, 
including constructing evidence based 
arguments and using appropriate scientific 
language, conventions and representations 
(ACSIS208). 
Engage in critical discussion with 
others to determine the most suitable 
and adequate representations for 
exploring and demonstrating your 
understanding of natural selection. 
Evaluate conclusions, including identifying 
sources of uncertainty and possible 
alternative explanations, and describe 
specific ways to improve the quality of the 
data (ACSIS205). Communicate scientific 
ideas and information for a particular 
purpose, including constructing evidence 
based arguments and using appropriate 
scientific language, conventions and 
representations (ACSIS208). 
Select and use appropriate equipment, 
including gel electrophoresis and 
computer models, to systematically 
and accurately collect and record data 
concerning natural selection. 
Plan, select and use appropriate investigation 
methods, including field work and laboratory 
experimentation, to collect reliable data; 
assess risk and address ethical issues 
associated with these methods (ACSIS199). 
Select and use appropriate equipment, 
including digital technologies, to 
systematically and accurately collect and 
record data (ACSIS200). 
Select and use appropriate equipment, 
including iPads, to systematically and 
accurately collect and record 
representations of natural selection. 
Plan, select and use appropriate investigation 
methods, including field work and laboratory 
experimentation, to collect reliable data; 
assess risk and address ethical issues 
associated with these methods (ACSIS199). 
Select and use appropriate equipment, 
including digital technologies, to 
systematically and accurately collect and 
record data (ACSIS200). 
Use data collected and representations 
created to explore novel problems 
concerning natural selection and to 
explain natural selection to others. 
Analyse patterns and trends in data, 
including describing relationships between 
variables and identifying inconsistencies 
(ACSIS203). Use knowledge of scientific 
concepts to draw conclusions that are 
consistent with evidence (ACSIS204). 
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Communicate scientific ideas and 
information for a particular purpose, 
including constructing evidence based 
arguments and using appropriate scientific 
language, conventions and representations 
(ACSIS208). 
 
3.9.3 The specific scientific focus 
Having outlined the learning outcomes, in relation to the Australian Curriculum: 
Science, it is possible to discuss the specifics of the context in which the students 
explored natural selection in each of the sessions; the epidemiology of malaria and 
its functioning as a selection pressure on the human genome (specifically the hbb 
gene). The hbb gene is fundamental to the proper functioning of haemoglobin as a 
carrier of oxygen around the body. The gene has two alleles, the A allele, which is 
dominant, and the S allele, which is recessive. Individuals homozygous for the A 
allele (AA) have normal haemoglobin functioning, while individuals homozygous 
for the S allele (SS) develop sickle cell anaemia that adversely affects their 
processing of oxygen and so is detrimental for survival and reproduction. 
Heterozygous individuals, those with an A and S allele (AS), experience some of the 
deleterious effects of sickle cell anaemia but not to the same degree as SS 
individuals. Therefore the A allele in a non-malarial environment is selected for by 
non-malarial forces and AA individuals are more numerous than AS individuals, and 
SS individuals are at the lowest frequency.   
 However in a malarial environment, the S allele is selected for by malaria 
because the shape of blood cells (sickle shaped) determined by the S allele reduces 
the negative impact of malaria on humans. Thus in these environments, AS 
individuals are more numerous than AA individuals because they have sufficient 
numbers of normal blood cells to carry oxygen around the body, but also possess the 
sickle shaped blood cells that are not affected by malaria. However SS individuals 
remain at the lowest frequency because they possess only the sickle shaped blood 
cells and so continue to struggle to survive and reproduce (due to sickle cell 
anaemia). 
Table 3-2 Learning outcomes and curriculum links for skills 
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 The epidemiology of malaria is such that mosquitos are vectors and so carry 
the parasite without any negative consequences (in terms of survival and 
reproduction) and can transfer the disease to humans when they bite. Humans, 
however, are hosts and so are negatively impacted by the parasite (in terms of 
survival and reproduction). And when humans are bitten they can infect the 
mosquito. 
3.9.4 Training session for demonstrators and debriefing meeting 
Before the final workshop was conducted for the first time, the DMs attended a 
training session conducted by the researcher and EO. They were briefed on the 
representation-construction pedagogy and its implementation. It was stressed to the 
DMs that they needed to avoid providing too many direct instructions to the students, 
but rather to support and encourage the students to create and/or use various 
representations in order to develop their own understandings of natural selection.  In 
addition the DMs were given an opportunity to interact with the different models 
used in each of the sessions, including those for the computer session.  
 After the final workshop was first run and in preparation for the second 
running, a debriefing meeting involving the researcher and Centre staff took place in 
which some modifications were planned and implemented for the second run. This 
included modifying the models for the computer session to make them more 
amenable to students’ investigations of natural selection. As well as emphasising to 
the DMs the importance of not leading the students to the correct answers, but rather 
encouraging and supporting them to create and/or interact with the different 
representations, in particular the models in the computer session, as way of 
generating their own ideas about natural selection. 
3.9.5 Session one – The wet laboratory 
The students therefore explored the fundamentals of natural selection (as reflected in 
the learning outcomes) by investigating the genetics of sickle cell anaemia and the 
epidemiology of malaria. This was reflected in the three sessions that made up the 
workshop. The first session was a wet lab in which students worked with DMs and 
the EO to develop an understanding of the physiology of sickle cell anaemia as well 
as the genetic basis of this condition. They did so by: interacting with, and 
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constructing, physical models; creating punnet squares; viewing blood smears with 
microscopes; and performing gel electrophoresis. The students needed to develop an 
understanding of the S allele and the A allele and the three possible genotypes (AA, 
AS, SS) and the associated phenotypes (normal, heterozygous and sick cell anaemia), 
in particular the impact on human health (not specifically the core concepts of 
natural selection, but a more general understanding of the deleterious effects of 
sickle cell anaemia). In addition they needed to understand that the proportion of 
individuals in a population with each of these genotypes varies around the world.  
3.9.6 Session two – The computer laboratory 
Following this was the computer session, which is the focus of this research. This 
session built on the knowledge and skills that the students exercised in the previous 
session. This involved the students developing an understanding of the way malaria 
can function as a selective pressure on the hbb gene. In order to do so, they needed to 
develop an understanding of the epidemiology of malaria (the relationship between 
the malaria parasite, mosquitos and humans) as well as the core concepts of natural 
selection; variation, heritability, differentiation survival and differential reproduction. 
The students did so by interacting, in pairs that combined to form larger groups of 
six, with three different, but closely related, models. Each of these models (discussed 
below) focused on a different aspect of the topic of interest and related to different 
core concepts of natural selection (again, detailed below).  
 But before exploring the models, the students first discussed, as a class and in 
groups, the different frequencies of the A allele and the S allele in different countries 
around the world, and the relationship of these allele frequencies with possible 
selection pressures. These selection pressures included: malaria, high rainfall, 
tuberculosis, high population density and warm climate. The students needed to 
interact with the models to explore which selection pressure was responsible for this 
global variation in the frequencies of the A allele and the S allele. In particular why 
the S allele, which is normally deleterious, is at higher frequencies in some countries. 
The models provided the students with the means to explore this problem, while two 
video animations (Berry, 2008a, 2008b), focusing on humans and mosquitos as 
vectors and hosts of the malaria parasite, provided the students with an overview of 
the epidemiology of malaria. The students needed to determine that only malaria 
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acted as a selection pressure on the hbb gene, selecting for the S allele and against 
the A allele, because of the epidemiology of this disease. 
3.9.7 Session three – The dry laboratory 
The final session involved the students working as groups to use their findings, 
recorded as their Explain Everything projects throughout the workshop, to propose 
solutions to a hypothetical scenario in which the frequency of the S allele had rapidly 
increased in Australia. They then had to plan a blog, as investigative journalists for a 
science magazine, to explain these ideas to the general public. In both cases the 
students had to represent their ideas on a whiteboard. The focus was as much on 
developing the students’ ability and confidence to use representations to make 
meaning and communicate ideas in science, as it was to challenge them to apply their 
knowledge and findings to a novel situation. 
3.10 The models 
Now I describe in detail the three different models with which the students, DMs and 
EO interacted during the computer session. These models were designed and built by 
the researcher in collaboration with Simon Lynch and with significant input from the 
D and EO. As a suite these models were purpose-built to enable the students to 
explore the core concepts of natural selection (variation, heritability, differential 
survival and differential reproduction) in the context of the epidemiology of malaria 
and its functioning as a selection pressure on the human genome. The models were 
designed to simulate the interactions between humans, mosquitos and the malaria 
parasite and the way in which this disease can impact the frequency of the S allele 
and the A allele in a population over time. The models were intended to provide the 
students with the opportunity to develop their knowledge and skills as outlined in the 
learning outcomes. 
3.10.1 Model 1 – The ‘determining selection pressure’ model 
The agents in Model 1, shown in Figure 3-2, were humans, mosquitos and malaria 
parasites. The data output consisted of various graphs and counts, which represented 
the interactions between the agents, and any emergent phenomena, in indexical and 
symbolic form (as continuous data, i.e. over time). The model represented these 
agents at the population level, not the individual level.  
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 The primary aim of this model was to enable the students, via adjusting the 
initial frequencies of the S allele and the A allele as well as introducing different 
potential selection pressures, to investigate the way in which malaria interacted with 
the human genome at the population level. More specifically they were to explore the 
way in which malaria acted as a selection pressure on the hbb gene, in particular 
selecting for the S allele. The students needed to determine that only malaria (and not 
the other potential selection pressures) functioned as a direct selection pressure on 
the hbb gene. The core concepts of natural selection to be explored were variation 
and heritability. This was the first model with which the students interacted and so it 
contained additional labels on screen (absent in the other two models) to assist the 
students familiarise themselves with the software. 
The first variable available to control was the ‘S/A bias’ slider (and 
accompanying ‘S/A bias’ count window) (1 in Figure 3-2). This determined the 
initial frequency of the S allele and the A allele, which significantly impacted the 
change in allele frequency over time (often in unexpected ways). The frequencies of 
the alleles were relative, for example if the S allele was set at 20% then the A allele 
was automatically set at 80%. Sliders had to be activated before the models were run. 
 Below this slider and count window was the ‘setup’ button (2 in Figure 3-2), 
which applied the variables to the model. Accompanying this button was the ‘go’ 
button (3 in Figure 3-2), which initiated and stopped/paused the running of the 
model. Both of these buttons were necessary for all the models, and functioned the 
same way in each. The ‘setup’ button had to be activated before the ‘go’ button in 
order for the set of variables to play out in the model. Other buttons could only take 
effect during the running of the model. 
 Above the set of ‘Potential selection pressures’ variables was the ‘Time’ 
count (4 in Figure 3-2), which showed the time that had elapsed since the model 
started running. The units of time were not determined; they were arbitrary with the 
students having to assign values (e.g. hours, days etc.). 
 The main variables were the ‘Potential selection pressures’ variables 
(controlled by a series of buttons and switches) (5 in Figure 3-2), which introduced 
the possible selection pressures. These included: ‘High-rain-fall’ button, ‘Warm-
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climate’ button, ‘D1. Tuberculosis’ switch, ‘Malaria’ button, and the ‘High-
population-density’ button. Switches only took effect when activated during the 
running of the models. 
The role of these buttons and switches is best explained by discussing the 
impact of these ‘Potential selection pressures’ on the population as it was reflected in 
the ‘Human deaths’ graph and ‘allele numbers graph’ (6 and 7 in Figure 3-2). The 
‘Human deaths’ graph showed the number of deaths in the population over time (i.e. 
at any point in time) due to natural causes (‘Natural deaths’) and the number of 
deaths in the population over time due to possible selection pressures (‘Deaths 
related to potential selection pressure’). The ‘allele numbers’ graph showed the 
number of S alleles and A alleles over time. 
The first of the ‘Potential selection pressures’ variables was the ‘High-rain-
fall’ button, which introduced high rainfall into the environment. Figure 3-3 shows 
that high rainfall did not change the number of ‘Natural deaths’ nor the number of 
‘Deaths related to potential selective pressure’. Similarly, it did not change the 
frequency of the S allele and A allele. In fact, the ‘High-rain-fall’ button had no 
impact on the model because this button was coded to be functionally inert (i.e. 
activating the button did nothing to the model, it was purely aesthetic). 
 
 
 
 
 
 
 
 
 
The next ‘Potential selection pressures’ variable was the ‘Warm-climate’ 
button, which introduced warm climate into the environment. Figure 3-4 shows that 
Figure 3-3 'Human deaths' graph and 'allele numbers' graph with 'High-rainfall' 
applied 
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warm climate did not change the number of ‘Natural deaths’ nor the number of 
‘Deaths related to potential selective pressure’. And it did not change the frequency 
of the S allele and A allele. It was another functionally inert button. 
  
 
 
 
 
 
 
 
Following this ‘Potential selection pressures’ variable was the ‘D1. 
Tuberculosis’ switch, which introduced tuberculosis into the population. Figure 3-5  
shows that tuberculosis rapidly increased the number of ‘Deaths related to potential 
selective pressure’ but did not change the number of ‘Natural deaths’ nor the 
frequency of the S allele and A allele. Thus the ‘D.1 Tuberculosis’ switch was not 
functionally inert; activating it increased the number of ‘Deaths related to potential 
selective pressure.’ But because each genotype (AA, AS, and SS) was equally likely 
to die from tuberculosis, it had no impact on the frequency of the S allele and A 
allele. 
 
 
 
 
 
 
 
Figure 3-4 'Human deaths' graph and 'allele numbers' graph with 'Warm-climate' 
applied 
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The next ‘potential selective pressures’ variable was the ‘Malaria’ button. 
This introduced malaria into the population. Figure 3-6 shows that malaria gradually 
increased the number of ‘Deaths related to potential selective pressure,’ and 
gradually decreased the number of A alleles while the number of S alleles gradually 
increased. There was a shift over time towards more S alleles and fewer A alleles. So 
just like the ‘D.1 Tuberculosis’ switch, the ‘Malaria’ button was functionally active; 
activating the switch increased the number of ‘Deaths related to potential selective 
pressure.’ But unlike the ‘T1. Tuberculosis’ switch, the increase in deaths due to 
malaria was accompanied by (caused) an increase in the number of S alleles and a 
decrease in the number of A alleles. 
 
 
 
 
 
 
 
Figure 3-5 'Human deaths' graph and 'allele numbers' graph with 'D1 
Tuberculosis' applied 
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The final ‘potential selection pressures’ variable was the ‘High-population-
density’ button. This made high the density of humans. Figure 3-7 shows that high 
population density did not change the number of ‘Natural deaths’ nor the number of 
‘Deaths related to potential selective pressure.’ Nor did it change the frequency of 
the S allele and A allele. So just like the ‘High rain-fall’ button and the ‘Warm-
climate’ button, this button was functionally inert. 
 
 
  
 
 
 
 
 
 
 
Figure 3-6 'Human deaths' graph and 'allele numbers' graph with 'Malaria' 
applied 
Figure 3-7 'Human deaths' graph and 'allele numbers' graph with 'High-population 
density' applied 
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The ‘Human deaths’ graph and the ‘allele numbers’ graph were accompanied 
by the ‘allele’ count and the ‘genotype’ count (8 in Figure 3-2). This showed the 
frequency of the S allele and A allele at that particular time. It also showed the 
number of individuals with the AA, AS and SS genotypes at that particular time. 
These counts assisted the students with interpreting the aforementioned graphs. For 
those ‘Potential selective pressures’ that did not influence the frequency of the S 
allele and A allele, the number of individuals with the AA, AS, and SS genotypes did 
not change. However, for those ‘Potential selective pressures’ that did influence the 
frequency of the S alleles and A alleles, the number of individuals with the AA, AS, 
and SS genotypes did change. When malaria was introduced it decreased the number 
of individuals with the AA genotype, but increased the number of individuals with 
the AS genotype. While the number of individuals with the SS genotype stayed 
relatively constant. 
Certain variables were also pre-set and not manipulated by the students (they 
were not visible), which created a set of parameters within which the students could 
interact with the model. The population size and population density for humans were 
fixed, which it made it easier for the students to see changes in the frequencies of the 
S allele and A allele. The rate at which mosquitos bit humans and the rate at which 
each genotype died from natural causes, became infected when bitten, became sick 
once infected, and died once they were sick, were all fixed. Similarly the rates at 
which each genotype recovered when infected and recovered when sick were fixed. 
These variables were pre-set in this way to capture some of the fundamental 
parameters of the epidemiology of malaria, but in such a way that the students’ 
investigations of the potential role of malaria as a selection pressure on the hbb gene 
were simplified, in the sense that these settings remained constant, making it easier 
for the students to spot patterns in the data output, and at levels that were likely to 
enable students to explore the core concepts of variation and heritability. Fixing the 
rate at which humans infected with tuberculosis died and the likelihood of humans 
contracting tuberculosis served a similar purpose.  
The model was also pre-set so that the number of S alleles never dropped 
below 40. This was done because during testing of the model it was observed that 
under certain circumstances the S allele unexpectedly went extinct. This was deemed 
too challenging for the students and likely to obfuscate the most important data. 
Therefore this variable was included as an artificial means to ensure that the model 
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produced productive runs for the purposes of the students exploring the role of 
malaria as a selection pressure on the hbb gene.  
Finally, the model was pre-set to stop running after 1000 ticks. This ensured 
that it ran long enough for the students to observe interesting interactions between 
the agents, but not too long as to slow the students’ exploration of the other models. 
However this did not prevent the students from stopping the model before 1000 ticks. 
3.10.2 Model 2 – The ‘determining relationships’ model 
The agents in Model 2, shown in Figure 3-8, were once again humans, mosquitos 
and malaria parasites. But the data output consisted not only of various graphs and 
counts but also a world in which the agents could be directly observed. Thus the 
interactions between the agents, and any emergent phenomena, were represented in 
iconic (as discrete data, i.e. particular time) as well as indexical and symbolic form 
(as continuous data, i.e. over time). The students could ‘see’ the agents. But again the 
focus was not on the agents at the individual level, but rather at the population level. 
 The primary aim of this model was to enable the students, by adjusting the 
initial populations of the healthy and infected humans, and healthy and infected 
mosquitos, to investigate the epidemiology of malaria; principally to explore the 
relationship between the three agents; the malaria parasite (i.e. the pathogen), the 
mosquitos (i.e. the vectors) and the humans (i.e. the hosts). Changing the initial 
frequencies of healthy humans and mosquitos, and infected humans and mosquitos, 
significantly impacted the spread of malaria and thus the survival and reproduction 
of humans and mosquitos. The students’ understanding of the function of malaria as 
a selective pressure on the hbb gene, which was the focus of Model 1, would have 
been limited without an understanding of this epidemiology.  
The students needed to establish that while mosquitos carried malaria this did 
not impact their survival or reproduction, but that mosquitos could transfer malaria to 
humans through biting. And mosquitos could acquire malaria when they bit infected 
humans, but that mosquitos could not directly transmit malaria between each other. 
They also needed to determine that infected humans’ survival and reproduction was 
compromised but that humans could not directly transfer malaria to each other.  
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Figure 3-8 Model 2 - determining relationships 
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They needed to understand that mosquitos acted as vectors for the malaria parasite 
while humans acted as hosts. The core concepts of natural selection to be explored 
were differential survival and differential reproduction. 
The first buttons available to activate were the ‘Go’ button and the ‘Set Up’ 
button (1 and 2 in Figure 3-8). To the right of these buttons was the ‘Time’ count (3 
in Figure 3-8). There were two main sets of variables for the students to control: the 
‘human variables,’ which determined the behaviour of humans; and the ‘mosquito 
variables,’ which controlled the behaviour of mosquitos.  
 The first of the ‘human variables’ was the ‘initial-number-of 
infected_humans’ slider (4 in Figure 3-8), which determined the number of humans 
infected with malaria before the model was run. The other of the ‘human variables’ 
was the ‘initial-number-of-healthy_humans’ slider, which determined the number of 
humans not infected with malaria before the model was run (5 in Figure 3-8). 
 The first of the ‘mosquito variables’ was the ‘initial-number-of 
infected_mosquitos’ slider (6 in Figure 3-8), which determined the number of 
mosquitos infected with malaria before the model was run. The other of the 
‘mosquito variables’ was the ‘initial-number-of-healthy_mosquitos’ slider (7 in 
Figure 3-8), which determined the number of mosquitos not infected with malaria 
before the model was run. 
 The world (8 in Figure 3-8) showed the impact of these variables on humans, 
mosquitos and malaria. However malaria was only present in the form of infected 
humans and infected mosquitos and not as a directly observable population of 
parasites. This world showed the agents interacting and the emergent phenomena; it 
was an iconic and symbolic representation of the agents executing their coded 
behaviours (i.e. variables). The variables described above determined what occurred 
in this world, while the graphs and counts (described next) reflected what was taking 
place in this world, but as indexical and symbolic representations. The world enabled 
students to investigate the spread of malaria through the population of humans and 
mosquitos, and the way in which this process was driven by the relationship between 
humans (hosts), mosquitos (vectors) and malaria (pathogen). It showed the students 
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the different rates of survival and reproduction of healthy humans (green), healthy 
mosquitos (blue), infected humans (yellow) and infected mosquitos (red). 
 Accompanying the world was a set of graphs that provided the same 
information as the world, but over time (continuous) as opposed to at a particular 
time (discrete). The ‘Human health’ graph (9 in Figure 3-8) displayed: the number of 
humans infected with malaria (‘malarial’); the number of humans not infected with 
malaria (‘clear’); and the total number of humans (‘all’) over time. The ‘Parasites’ 
graph (10 in Figure 3-8) showed: the number of malaria parasites infecting humans 
(‘humans’); the number of malaria parasites infecting mosquitos (‘mosquitos’); and 
the total number of parasites (‘total’) over time. The ‘Mosquito health’ graph (11 in 
Figure 3-8) exhibited: the number of mosquitos infected with malaria (‘malarial’); 
the number of mosquitos not infected with malaria (‘clear’); and the total number of 
mosquitos (‘all’) over time. The ‘Human deaths’ graph (12 in Figure 3-8) displayed: 
the number of human deaths due to malaria (‘malarial’); the number of human deaths 
due to natural causes (‘natural’); and the total number of human deaths (‘total’) over 
time. The students could use these graphs to track changes in the populations of 
humans, mosquitos and malaria; in particular, rates of survival, reproduction and 
infection. 
 These graphs were accompanied by the ‘number of humans’ count and the 
‘number of mosquitos’ count (13 in Figure 3-8). This showed: the number of healthy 
humans (‘# healthy humans’); the number of healthy mosquitos (‘# healthy 
mosquitos’); the number of infected humans (‘# infected humans’); and the number 
of infected mosquitos (‘# infected mosquitos) for a particular time. This assisted the 
students in interpreting the information presented in the graphs and world as it 
provided precise frequencies for humans and mosquitos for any particular time. 
 As with Model 1, certain variables were pre-set and not available for the 
students to alter. Once again these functioned as a set of parameters within which the 
students could operate; they productively constrained the students’ interactions with 
the model. The mosquitos were fixed (i.e. pre-set) so that they only reproduced after 
biting humans. Similar variables were also fixed: the probability of a healthy human 
becoming infected when bitten by an infected mosquito; the probability that a 
healthy mosquito would become infected when biting an infected human; the 
probability that an infected human and infected mosquito would die; the probability 
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that a healthy human and healthy mosquito would die; the probability that an 
infected human and infected mosquito would reproduce; the probability that a 
healthy human and healthy mosquito would reproduce; the number of offspring 
produced per mosquito and per human each reproductive event; and the maximum 
frequencies of humans and mosquitos. These variables were pre-set in such a way as 
to reflect the real-world epidemiology of malaria, however at levels that would make 
obvious any patterns in the relationships between humans, mosquitos and the malaria 
parasite that were the focus of the model. 
3.10.3 Model 3 – The ‘further exploring relationships ’ model 
Once again humans, mosquitos and malaria parasites were the agents in Model 3, 
shown in Figure 3-9. But the data output consisted only of the world in which the 
agents could be directly observed. There were no graphs displaying, in indexical and 
symbolic form, the interactions between the agents and any associated emergent 
phenomena. The data were only discrete (at a particular time) and not continuous 
(over time). This data output was provided because the focus was on the individual 
agents and not the population. In addition ponds were present in addition to the 
agents, which determined the impact of the environment on the agents.  
 The primary aim of this model was to enable the students to further explore 
the epidemiology of malaria, as investigated in Model 2, by infecting humans and 
mosquitos with malaria and by dictating the number of ponds, the proximity of 
humans to ponds and the behaviour of humans to avoid ponds. However unlike 
Model 2, which focused on population dynamics, Model 3 focused on the individual 
dynamics of the epidemiology of malaria and the role played by the environment, in 
particular bodies of water (i.e. ponds). The students’ understanding of the function of 
malaria as a selective pressure on the hbb gene, which was the focus of Model 1, was 
further enhanced by exploring the epidemiology of malaria at the individual level. 
The students needed to determine the same fundamentals of the epidemiology 
of malaria that they explored in Model 2, however relate these to individual 
mosquitos and individual humans. The differential survival and differential 
reproduction of humans and mosquitos was not captured by the data output, but 
rather the world showed the survival and reproduction of individual mosquitos and 
individual humans.  
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Figure 3-9 Model 3 - further exploring relationships 
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In addition, students needed to determine that the closer humans are located to ponds 
then the more likely they are to contract malaria from infected mosquitos. Thus 
avoiding ponds reduces the likelihood of humans contracting malaria.  
As with Model 2, the core concepts of natural selection to be explored were 
differential survival and differential reproduction, as opposed to variation and 
heritability that were explored in Model 1. Therefore the epidemiology of malaria 
explored in Model 3 (survival and reproduction at the individual level) was linked to 
the functioning of malaria as a selective pressure explored in Model 1 (variation and 
heritability at the population level) via its relationship with the epidemiology of 
malaria explored in Model 2 (differential survival and differential reproduction at the 
population level). 
As with the two previous models, there was a ‘go’ button (1 in Figure 3-9) 
and a ‘setup’ button (2 in Figure 3-9). The first variable available to adjust was the 
‘infect person’ button (4 in Figure 3-9), which infected one of the healthy humans 
with malaria. Similarly there was the ‘infect mozzie’ button, which infected one of 
the healthy mosquitos with malaria (5 in Figure 3-9).  
 Below these variables were a set of ‘people’ variables. The first of these was 
the ‘human.population’ slider (6 in Figure 3-9), which determined the initial number 
of healthy humans. Following this variable was the ‘people-avoid-ponds?’ switch (7 
in Figure 3-9), which determined whether humans (both healthy and infected) 
avoided ponds. Associated with this variable was the ‘min-pond-distance’ slider (8 in 
Figure 3-9) that determined the minimum distance of humans from the ponds when 
the ‘people-avoid-ponds’ switch was on. Next was the ‘pond’ variable, consisting of 
the ‘num-ponds’ slider (9 in Figure 3-9) that determined the number of ponds. 
Following these variables was the ‘mosquito’ variable, consisting of just the 
‘mosquito.population’ slider (10 Figure 3-9). This determined the number of healthy 
mosquitos before the model started. Finally there was the ‘world size’ variable, 
consisting of three buttons: ‘normal’; ‘zoom-out;’ and ‘zoom in’ (11 in Figure 3-9). 
These determined the students’ perspective of the world: normal (i.e. viewing the 
world from the default distance; zoomed out (i.e. viewing the world from further 
away); and zoomed in (i.e. viewing the world from closer in). 
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The variables are best understood in relation to the world (3 in Figure 3-9). 
As with Model 2, the world showed the agents interacting and any associated 
emergent phenomena; it was an iconic and symbolic representation of the agents 
executing their coded behaviours (i.e. variables). Humans, mosquitos and malaria are 
present in the world, but malaria is present only in the form of infected humans and 
infected mosquitos and not as individual parasites. As there is no ‘time’ count, as in 
the other models, the time elapsed was indicated by the ‘ticks’ display in the top left 
corner of the world. 
Similar to Model 2, there are both humans and mosquitos present in the world 
as infected (orange) and healthy (blue) individuals. However unlike Model 2, 
mosquitos biting and the transmission of malaria were represented in the world. 
When a healthy mosquito bit a healthy human, they were both temporarily encircled 
in blue (until the mosquito had finished biting). When a healthy mosquito bit an 
infected human, they were both temporarily encircled in orange (and the mosquito 
turned from blue to orange). When an infected mosquito bit a healthy human, they 
were temporarily encircled in orange (and the person turned from blue to orange). 
And when an infected mosquito bit an infected human, they were both temporarily 
encircled in orange. The humans and mosquitos roamed either closer or further away 
from ponds (depending on the variable settings).  
The model thus enabled the students to observe not only the impact of 
malaria on humans and mosquitos in terms of survival and reproduction, but also the 
processes that caused malaria to spread through the population (i.e. the actual biting 
of humans by mosquitos). In addition students could observe humans and mosquitos 
clustering near ponds, which increased the transmission of malaria, and humans and 
mosquitos roaming away from ponds, which decreased the transmission of malaria. 
Thus humans avoiding ponds reduced the transmission of malaria, while the more 
ponds in the environment, the more difficult it was for humans to avoid infection. 
Only a few variables were pre-set in a fixed way to productively constrain the 
students’ investigations of this model. These included: the proximity of mosquitos to 
humans to allow biting; mosquitos ageing and dying; and the average lifespan of 
mosquitos. Again these variables were pre-set to reflect the real-world epidemiology 
of malaria, however at levels that would make obvious any patterns in the 
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relationships between humans, mosquitos and the malaria parasite that were the 
focus of the model. 
3.11 Collecting video data 
The way in which the video data were collected during the final workshop, 
specifically the computer session, will now be outlined in detail. This includes a 
discussion of the different video sources as particular data collection instruments and 
the rationale for using this particular video equipment, which will become more 
evident as the management and analysis of the video data is described later. 
3.11.1 Video set up  
The video data were collected using the set up detailed in Figure 3-10. For the two 
schools that participated only one group, consisting of six students working in three 
pairs, were the focus of filming. The other students in the class appeared on film but 
only incidentally when the focus groups were filmed. As can be seen there were 
three different sources of video data (each paired with an audio source): the two 
tripod cameras operated by the researcher and co-researcher (linked with the lapel 
microphones); the web cameras (linked with the in-built microphones); and the 
screencastings provided by Camtasia Studio (also linked with the microphones built 
into the web cameras). 
3.11.2 The video sources and the rationale for their use 
Each of these video sources captured different interactions and thus generated 
different data, as shown in Table 3-3. The different data generated was intended to 
allow an exploration of the students’ computer-mediated abductive reasoning as 
manifested in the interactions between the students, DMs, EO, models and iPads. 
The video sources were capable of capturing the actions, observations and 
verbalisations (as well their use of the iPads to write and photograph) of the students, 
DMs and EO. As such the video set up enabled the multimodal and distributed nature 
of the reasoning process to be captured. 
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Figure 3-10 The video equipment set-up in the computer room 
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Firstly, the two tripod cameras captured the students interacting with the 
models (which were playing out on screen) as well as their interactions with each 
other, the DMs, EO and iPads. This was filmed from a distance, with the zoom 
function of the cameras providing some close-up footage. The camera operators 
made on-the-spot decisions as to what to film (in fitting with the research goals). By 
using two tripod cameras positioned at different places in the room it was possible to 
capture different angles for each interaction, as shown in Figure 3-11, but also to 
capture different interactions occurring at the same time, as shown in Figure 3-12.  
The web cameras captured the students interacting with the models as well as 
the students interacting with each other, the DMs, EO and iPads however from a 
much more intimate perspective. While the tripod cameras captured the students’, 
DMs’ and EO’s bodily movements, the web cameras captured the students’ faces as 
they interacted with the models.  
 Finally a program called Camtasia Studio, screencasting software that is one 
of the most effective ways to record what is taking place on screen (including audio) 
in real time for the purpose of researching human-computer interactions (Goodwin, 
2005; Hargittai, 2004; Hider, 2005; Imler & Eichelberger, 2011; Makkonen, Siakas, 
& Shakespeare, 2011; Schnall, Jankowski, & St. Anna, 2005), including to record 
students’ use of NetLogo models (Blikstein & Wilensky, 2010), was utilised. 
Table 3-3 The different video sources and data generated 
Video source Data generated/Interactions captured 
CT1/LM1 & 
CT2/LM2 
Students interacting with each other, DMs, EO, 
computer and iPads (from a distance)  
Web cameras & 
built-in microphones 
Students interacting with each other, DMs, EO, 
models and iPads (intimate footage) as well as 
students’ facial expressions 
Screencast 
(Camtasia Studio) 
Computer models and students’ on screen 
interactions with models (intimate footage) 
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Figure 3-11 Video footage showing the same interactions at the same time 
Figure 3-12 Video footage showing different interactions at the same time 
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Unlike the tripod cameras, which recorded the models on screen from a distance, the 
screencasts recorded the models directly from the computers. In this way the 
screencasts were entirely dedicated to filming the models. Camtasia Studio 
automatically synced the web camera footage and screencast footage as they were 
recorded at the same time, as shown in Figure 3-13. 
3.12 Managing video data 
The effective management of the video data, to make it amenable for analysis, was 
paramount to the intended analysis. The primary management issue with the video 
data was the massive quantity of information that was collected. This was stored on 
multiple external hard drives. All this information also had to be prepared for 
analysis.  
3.12.1 Using Studiocode and Camtasia Studio to manage video data 
Studiocode was the software used to manage and analyse the video data. This 
software allows not only for the coding of videos for analysis (discussed in the next 
section) but also allows the video data to be made amenable for analysis (Imler & 
Eichelberger, 2011). It is also highly effective when used in conjunction with 
Camtasia Studio (Imler & Eichelberger, 2011). The video data were imported into 
Studiocode with each video assigned a timeline, which could be populated with 
codes for analysis (see Figure 3-15 and Figure 3-16). Video data were edited (mainly 
to remove any footage not relevant to the analysis) using Camtasia Studio before 
importing to Studiocode. Studiocode was also used to ‘stack’ different videos, so that 
they could be viewed side-by-side and in synchrony, as shown in Figure 3-14. In this 
way interactions could be viewed from many different perspectives such that their 
multimodal and distributed nature, and that of the abductive reasoning process, was 
made evident.  
 On a few occasions the video and audio data for a particular source (e.g. CT1 
and LM1) were out of sync and so had to be manually realigned using Studiocode 
before stacking. Studiocode also allowed the different audio sources attached to the 
stacked videos to be selectively activated so that all the audio sources, or only the 
clearest, could be used for analysis (see Figure 3-14). In this way the video data 
could be manipulated to suit the analysis. 
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Figure 3-13 Screencast footage in the centre and web camera footage in the bottom right 
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Figure 3-14 Three different video sources combined with one of the audio sources activated 
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3.13 Analysing video data 
Before a description of the video analysis, it is useful to provide an overview of 
Studiocode in particular in relation to this research. 
3.13.1  Using Studiocode to analyse video data 
While Studiocode was originally designed to code video of sporting events (Imler & 
Eichelberger, 2011) it has since been extensively used in the educational context to 
code events taking place in the classroom (e.g. O'Keefe et al., 2006; Tytler & 
Aranda, 2015; Xu & Clarke, 2012, 2013). However to date it has not been used to 
code students’ interactions with NetLogo. As previously mentioned, each video was 
assigned a timeline, an example is shown in Figure 3-15 and Figure 3-16. These 
showed the temporal make-up of the video with the playhead displaying where the 
video was at that point in time. 
 By using the timelines and playhead it was possible to locate specific 
interactions in time. The timelines also showed coloured rows and populating these 
rows were rectangular blocks. The rows corresponded to the coding categories, each 
of which related to a different type of interaction, and the rectangular blocks 
corresponded to the individual instances of these interactions. The timelines showed 
the occurrences of different instances of interactions over time. Therefore it was 
possible to see how the different instances of interactions related to each other over 
time; in other words patterns, or sequences, of interactions could be identified.  
The timelines were populated with the coding categories and the individual 
instances were inserted using coding windows. An example of a coding window is 
shown in Figure 3-17. Each coding window consisted of a series of linked buttons, 
with each button corresponding to one of the coding categories (i.e. types of 
interaction). Each time one of these buttons was activated (start time) and 
deactivated (end time) during the playing of the video, this segment of video 
constituted an instance of the corresponding interaction type. Each of the buttons in 
the coding windows were linked to other buttons in a hierarchical fashion. In this 
way each instance of an interaction belonged to a number of different coding 
categories that operated at different conceptual levels. 
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Figure 3-15 The video data within Studiocode (screencast, web camera and CT1 footage) 
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Figure 3-16 Corresponding timeline (for video data in Figure 3-15) showing the playhead, coding categories, and corresponding instances 
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Figure 3-17 An example of a code window used for the analysis 
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Figure 3-18 An example of a transcription window used for the analysis 
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The details of each individual instance of an interaction, or more specifically 
the researcher’s interpretation of the interactions, detailed on the timelines was 
provided using transcription windows. An example of a transcription window is 
shown in Figure 3-18. As can be seen each instance of an interaction is presented in a 
row, with the start time and duration of the interaction detailed in the first column 
while the other columns contained information as to the specifics of each event. 
More will be said later on the specifics of these columns and how and why this 
information was chosen. The instances of interactions were presented in 
chronological order (according to the start time of each event) and the information 
for each instance of an interaction could be accessed by hovering the cursor over the 
interaction of interest on the corresponding timeline.   
3.13.2 Refining the video data 
A detailed discussion of the precise way in which the video data were analysed is 
now possible. In particular, describing the construction of the videos, timelines, code 
windows and transcription windows. The way in which these different forms of 
information were utilised to analyse the video data can then be explored. 
 The video data were firstly refined over multiple iterations to a few short 
video segments that would serve the needs of the analysis. The first step was to 
isolate those sections of video that seemed interesting and/or relevant. These were 
moments when the students were clearly exploring the functioning of malaria as a 
potential selection pressure on the hbb gene and investigating the underlying 
epidemiology of this disease (i.e. exploring natural selection). The next step was to 
more systematically reduce the video data. Only those moments when the students 
directly engaged with the models were retained. The video data were reduced in this 
way because the focus of the research was exploring, and characterising, the way 
students interacted with the models to carry out abductive reasoning. Their 
collaborations with peers, the DMs and EO were only relevant in the context of the 
broader system that encompassed these models. The final refinement of the video 
data involved retaining only those parts of the videos in which the students’ 
interactions (with each other, the DMs, EO, models and iPads) concerned their 
noticing of anomalies in the models. The video data were parsed in this way because 
it is when one notices anomalies, and encounters surprise and confusion, that one is 
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likely to pursue abductive reasoning. It was easy to identify these moments as the 
students’ surprise and confusion were expressed through speech, facial expressions 
and body movements. 
 The next challenge was to decide which instances of the students noticing the 
anomalies would be analysed in detail. To analyse all of them was beyond the scope 
of this research. Three instances were chosen, all from school 2. Thus six students, 
one DM and the EO formed the focus of the analysis. These moments were chosen 
because they involved the students clearly expressing surprise and confusion at an 
anomaly, and actively pursuing a resolution to the problem. Each of these instances 
involved a different pair of students noticing a different anomaly generated by a 
different model. Only moments involving school 2 were chosen because these 
students experienced a more refined version of the session; the DMs were more 
experienced with the models and the representation-construction approach, the 
models ran more smoothly and were easier to interpret for the students. In addition, 
the students from this school, as suggested by their teacher, were used to being 
provided with answers to problems and explicitly instructed as to how to solve 
problems. They were not used to engaging in exploration with few instructions; they 
were not used to encountering anomalies and confronting surprise and confusion. In 
this way they served not only as a stern test of the value of the models (and broader 
representation-construction approach) to afford abductive reasoning, but they also 
provided vivid examples of abductive reasoning as their responses to noticing 
anomalies engendered much surprise and confusion. 
 The three moments that were isolated for detailed analysis each consisted of 
two video segments. These video segments did not occur sequentially in the original 
video data because the footage that did not directly relate to the students exploring 
the anomalies was excised. Each of these episodes of abductive reasoning was then 
conceptualised as the students exploring a particular mystery. S5 and S6 interacted 
with Model 1 to explore The Mystery of the Missing Malaria. S3 and S4 interacted 
with Model 2 to investigate The Mystery of the Appearing Allele. And S1 and S2 
interacted with Model 3 to investigate The Mystery of the Marauding Mosquitos.  
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3.13.3 Constructing and applying the coding windows 
The next step was the coding of each of these episodes of abductive reasoning in 
order to deconstruct and characterise this reasoning process. This was achieved 
through the construction and application of a set of code windows, which was based 
on repeated viewing of the video data as well as the literature. The coding was thus 
both empirically and theoretically informed. Based on Magnani’s (2001, 2009) idea 
that abductive reasoning is a multimodal process involving manipulative, visual and 
sentential processes, a different code window was generated for each. This was the 
first level at which the video data were analysed. The sentential process was broken 
up into three different code windows to capture the verbal, written (textualisation) 
and photographic (pictorialisation) elements of this process. However the DM and 
EO only executed the verbal form.  
 After careful viewing of the footage it was decided that these processes 
needed separation from the social context within which the abductive reasoning was 
taking place. This necessitated additional code windows to capture the action-based, 
observation-based and proposition-based aspects of the social framework. These 
code windows were constructed based on Tytler’s and Aranda’s (2015) identification 
of the discursive moves used by expert teachers to facilitate students’ reasoning. It 
was also decided that the contributions of the students, the DM and EO to the 
abductive reasoning and social framework needed to be differentiated to reflect the 
roles of students and more knowledgeable others (i.e. DM and EO) in teaching and 
learning. Hence a different set of code windows was created for the students and 
more knowledgeable others. 
 Each of these code windows was then populated with the buttons to capture 
the interactions of interest. This was the next level of analysis. These buttons coded 
for the individual moments of interactions. However instead of referring to these as 
interactions, they were reconceptualised as abductive reasoning moves and social 
moves that the students, DM and EO executed as they interacted with each other, the 
models and iPads to conduct abductive reasoning. This proposal that the abductive 
reasoning consisted of different types of moves was based on Magnani’s (2001, 
2009) notion of templates of behaviour, which he identified as the processes 
underlying abductive reasoning. Tytler and Aranda (2015) make a similar argument 
in relation to the social interactions between teachers and students that frame 
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reasoning in the classroom. The term ‘move’ emphasises that the students, DM and 
EO executed the abductive reasoning (it did not happen to them) for the particular 
purpose of creating hypotheses to explore natural selection. This idea was then 
extended to the social realm to create the social moves that provided the context 
within which the abductive reasoning moves were executed.  
 The buttons in the code windows were arranged in a hierarchical fashion such 
that there were different levels (or categories) of abductive reasoning moves and 
social moves. With each subsequent level (lower down the hierarchy, as read from 
the top down) constituting a more specific move. Each level of a move (except for 
the lowest) thus consisted of a variety of different, but related, moves. However only 
the most specific levels of moves were coded on the timelines. The video data were 
coded in this way because the focus was to characterise as specifically as possible the 
abductive reasoning taking place, while also developing a rich understanding of the 
meaning of the different types of moves and the way they related to each other in the 
emergence of abductive reasoning. 
 What follows the end of this section (and precedes the next section on the test 
data) is an image of each code window, accompanied by: a table that lists each of the 
buttons; the meaning of these buttons; and the origin of the buttons (empirical, i.e. in 
the video data, and theoretical, i.e. in the literature). While different types of moves 
were initially created based on the literature or video data, as the codes were refined 
upon repeated viewing of the videos these moves were crosschecked with the other 
sources of information. Once the codes were finalised then the videos were watched 
and the codes applied, which populated the timelines with moves (discussed in the 
analysis/results chapter to follow, also see Figure 3-16). The videos were coded by a 
single researcher, which potentially gives rise to issues of reliability and validity. 
However the research is primarily exploratory in nature, and there are no quantitative 
analyses, such that the development and refinement of codes by a single dedicated 
individual is deemed practical, and appropriate. 
3.13.4 Constructing and applying the transcription windows 
The next step was to provide more detail about each abductive reasoning move and 
social move through the creation and application of the transcription windows. For 
each move that took place, the researcher interpreted what was taking place in the 
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video and recorded this in transcription windows, as shown in Figure 3-18. A 
transcription window was created for each of the different categories of abductive 
reasoning moves (manipulative, visual and sentential) as well as for the social 
framework for both the students and more knowledgeable others, and this was done 
for each of the three episodes.  
 Each transcription window consisted of an ‘Abductive moves’ row that 
detailed each instance of the abductive reasoning move and social at the most 
specific level, with the start time and temporal duration including in another row 
(‘Time reference’). Further information was included about each abductive move and 
social move in the form of the ‘Abductive moves category,’ which detailed the 
broader move types to which each specific move belonged. This information was 
determined during the coding of the video data. Finally the ‘Transcription’ window 
described, based on the researcher’s interpretations, what was taking place during 
each abductive reasoning move and social move, with the focus of the interpretation 
determined by the particulars of the move and what it was intended to capture. 
 For the manipulative abductive reasoning moves, the focus was interpreting 
what the students, DM and EO did (e.g. changing the controls of the model). While 
for the visual abductive reasoning moves it was necessary to interpret what the 
students, DM and EO were looking at (e.g. the world of a model on screen). For the 
sentential abductive reasoning moves, the focus was interpreting what the students, 
DM and EO were saying, writing and drawing/photographing (through their use of 
the iPads) in a propositional form. Finally for the social moves it was necessary to 
interpret the way in which the students, DM and EO socially interacted (in action, 
visual and verbal form) as they interacted with the models and iPads.  
 This information was determined by repeatedly viewing the video data for 
each abductive reasoning move and social move. These constituted interpretations of 
the interactions between the students, DM, EO, models and iPads that formed the 
narrative which gave meaning to the coded timelines. Unlike the code windows, a 
screen shot of every transcription window will not be provided because the 
information was not used in this way for the analysis. Rather the information in the 
transcription windows that populated the abductive reasoning moves and social 
moves on the timelines with information was removed to sit below each timeline for 
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the purposes of analysis. This is discussed next and can also be seen in the 
analysis/results chapter to follow. 
3.13.5 Identifying sequences of abductive reasoning moves and social moves  
The next way in which the analysis proceeded is explored in more detail in the next 
chapter, but an overview is useful at this point. The analysis proper began by closely 
inspecting the timelines, with the transcription information still embedded in the 
timelines at this stage, for each video segment of each episode of abductive 
reasoning. It was noticed early on that particular sequences of abductive reasoning 
moves and social moves were present in the timelines, both within move types (e.g. 
involving visual abductive reasoning moves) or between move types (e.g. involving 
visual abductive reasoning moves and manipulative abductive reasoning moves). 
This identification of patterns, or principles as I call them, to characterise the 
computer-mediated abductive reasoning defined the analysis. In order to do so it was 
necessary to rearrange the timelines so that the relationships between particular 
abductive reasoning moves and social moves, and thus the patterns, became more 
evident. This was achieved by changing the order in which the categories of the 
move types appeared in the timelines.  
 Once these sequences were identified then a screen shot was taken of the 
relevant sections of the timelines (containing only those abductive reasoning moves 
and social moves relevant to the sequence) and populated with boxes and arrows. 
These modified timelines can be seen in the analysis/results chapter. The boxes 
highlighted the moves, in particular the grouping of moves, that defined the patterns, 
while the arrows indicated the relationships between the moves over time, in 
particular the sequences of moves and the flow of abductive reasoning over time. By 
using these boxes and arrows it was possible to make meaning of the complexity and 
dynamism of the timelines, particularly as they related to the aims of the research.  
  Blue boxes were used to group together moves occurring at the same time but 
which belonged to different move types. Black arrows were used to indicate the flow 
between moves within the same move type. While blue arrows were used to indicate 
the flow between moves in different moves types, or between groupings of moves 
belonging to different types and other groupings, or between these groupings and 
moves in an individual move type. More specifically a blue arrow was only used if 
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the next move started within a blue box or if the preceding move ended within a blue 
box. Otherwise a black arrow was used. The arrows and boxes marked out the 
sequences of moves (i.e. or principles), which is made clearer in the chapter to 
follow. 
 In addition, the relevant transcription information for each abductive 
reasoning move and social move was more clearly linked to the patterns of moves in 
the timelines by alphabetically labelling each move. Different move types executed 
by either students or more knowledgeable others were indicated with different letters 
(capital or lower case) and colours. The letters for each move were listed, 
chronologically, below the timelines and annotated with the relevant information 
(interpretations) from the transcription windows. These lists of letters formed a 
narrative for the sequences of moves in the timelines. By closely inspecting these 
modified timelines (consisting of the boxes, arrows and narratives) it was possible to 
discern clear patterns in the students’, DM’s and EO’s abductive reasoning moves 
and social moves. In this way it was possible to determine a number of principles to 
characterise the abductive reasoning process that transpired in the computer session. 
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Figure 3-19 The code window for the students' manipulative abductive reasoning moves 
Figure 3-20 The code window for the more knowledgeable others' manipulative abductive reasoning moves 
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 ‘S’ means executed by students and ‘MKO’ means executed by DM and EO. 
Abductive reasoning move Meaning Origin 
Manipulation-manipulative (S, 
MKO) 
Manipulations of the computer models and movements of 
the body. 
Magnani’s (2001, p. 53) notion of “manipulative 
abduction.” 
Virtual (S, MKO) Manipulations occurring in the computer models (on 
screen). 
Video data. 
Real (S, MKO) Manipulations and body movements occurring in the 
classroom (off screen). 
Video data. 
Re-ordering & changing 
relationships (S, MKO) 
Adjusting the variables in the computer model that 
determine the behaviour of the agents and the environment. 
Magnani’s (2001, p. 58) notion of “re-ordering and 
changing relationships” a part of his “templates of 
behaviour” (2001, p. 57) 
Generation of image (S, MKO) Pressing the “SetUp” button on the computer model to 
apply the variables and populate the world (thus creating 
the image). 
Magnani’s (2004, p. 231) notion of “generation” (of a 
spatial/visual representation) based on Kosslyn’s (1983) 
“multi-level knowledge representation scheme.” 
Transformation of image (S, MKO) Pressing the “Go” button to start the computer model 
running (thus changing the image). 
Magnani’s (2004, p. 231) notion of “transformation” (of 
a spatial/visual representation) based on Kosslyn’s 
(1983) “multi-level knowledge representation scheme.” 
Halt image (S, MKO) Pressing the “Go” button to stop the computer model 
running (thus freezing the image). 
Magnani’s (2004, p. 231) notion of “transformation” (of 
a spatial/visual representation) based on Kosslyn’s 
(1983) “multi-level knowledge representation scheme” 
Use cursor to draw attention to 
relevant feature of image (S, MKO) 
Using the computer cursor (on screen) to draw attention to a 
relevant feature of an image in the computer model (on 
screen). 
Video data. 
Use finger/pen to draw attention to 
relevant feature of image (S, MKO) 
Using a finger/pen (off screen) to draw attention to relevant 
feature of an image in the computer model (on screen). 
Video data. 
Use body to elaborate observation 
(S, MKO) 
Using body movement to elaborate an observation. Video data. 
Use body to express hypothesis (S) Using body movement to express a hypothesis. Video data. 
Table 3-4 The meaning and origin of each of the manipulative abductive reasoning moves 
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Figure 3-21 The code window for the students' visual abductive reasoning moves 
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Figure 3-22 The code window for the more knowledgeable others' visual abductive reasoning moves 
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Abductive reasoning move Meaning Origin 
Observation-visual (S, MKO) Looking at what is occurring on screen.  Magnani’s (2004, p. 234) notion of “visual abduction.” 
Inspection of image (S, MKO) Looking at a particular image on screen. Magnani’s (2004, p. 231) notion of “inspection” (of a 
spatial/visual representation) based on Kosslyn’s (1983) 
“multi-level knowledge representation scheme.” 
Inspection of iPad (S, MKO) Looking at representations on iPad. Video data. 
Looking at information (S, MKO) Looking at information on screen (but specifics 
indeterminate). 
Video data. 
Checking information available (S, 
MKO) 
Looking at a particular image on screen to interpret. Magnani’s (2004, p. 233) notion of “focusing and unfocusing” 
(on a spatial/visual representation) based on Kosslyn’s (1983) 
“multi-level knowledge representation scheme.” 
Checking control (variable) (S, 
MKO) 
Looking at a specific control (variable) on screen. Video data. 
Noticing anomaly (S, MKO) Looking at a particular image on screen and 
noticing an anomaly. 
Magnani’s (2004, p. 237) notion of “recognize a problem to 
solve” (in an image). 
Checking generic meaning of output 
(S, MKO) 
Looking at specific type of data output* on screen 
to determine what information needs to be 
interpreted. 
Video data. 
Checking specific meaning of output 
(S, MKO) 
Looking at specific data output on screen to 
interpret information. 
Video data. 
Noticing absence of particular object 
(S) 
Looking at a particular image on screen and 
noticing the absence of a particular agent. 
Magnani’s (2004, p. 237) notion of “the absence of an object” 
(in an image). 
Noticing particular object achieve 
given task (S, MKO) 
Looking at a particular image on screen and 
noticing a particular agent executing a specific 
action. 
Magnani’s (2004, p. 237) notion of “how an object can achieve 
a given task moving itself and/or interacting with the remaining 
objects” (in an image).  
Noticing presence of particular 
object (S, MKO) 
Looking at a particular image on screen and 
noticing the presence of a specific agent. 
Video data. 
Checking relationships between data 
in output (trends) (S, MKO) 
Looking at specific data output on screen and 
noticing trends in this data. 
Video data. 
Checking relationships between data 
in output (non-trends) (S, MKO) 
Looking at specific data output on screen and 
noticing relevant (but non-trend) information. 
Video data. 
Table 3-5 The meaning and origin of each of the visual abductive reasoning moves 
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 * Data output (e.g. graph) was a particular type of information on screen. While an image could have constituted part of what was on screen or 
everything that was on screen (depending on what the student/more knowledgeable was attending to and wanting to achieve). 
  ‘S’ means executed by students and ‘MKO’ means executed by DM and EO. 
 
 
 
  
Figure 3-23 The code window for the students' sentential abductive reasoning moves (verbal) 
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Figure 3-24 The code window for the students' sentential abductive reasoning moves (textual) 
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Figure 3-25 The code window for the students' sentential abductive reasoning moves (pictorial) 
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Figure 3-26 The code window for the more knowledgeable others' sentential abductive reasoning moves (verbal) 
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Abductive reasoning move Meaning Origin 
Communication-sentential (S, MKO) Expressing ideas (e.g. observations, hypotheses) in a propositional 
form via talk, text and drawings/photos. 
Magnani’s (2001) notion 
of “sentential abduction.” 
Verbalisation of observation (S, MKO) Talking about what is occurring on screen Video data. 
Textualisation of observation (S) Writing about what is occurring on screen Video data. 
Verbal laugh (S) Laughing. Video data. 
Verbalisation of inspection of image (S, MKO) Talking about a particular image observed on screen. Video data. 
Textualisation of inspection of image (S) Writing about a particular image observed on screen. Video data. 
Verbalisation of hypothesis (S, MKO) Saying an explanation for what is occurring on screen or what 
might occur on screen (e.g. to explain an anomaly in a particular 
image). 
Video data. 
Textualisation of hypothesis (S) Writing an explanation for what is occurring on screen (e.g. to 
explain an anomaly in a particular image). 
Video data. 
Pictorialisation of hypothesis (S) Drawing/photographing an explanation for what is occurring on 
screen (e.g. to explain an anomaly in a particular image). 
Video data. 
Verbal comment on hypothesis (S, MKO) Talking about an explanation for what is occurring on screen (e.g. 
to explain an anomaly in a particular image). 
Video data. 
Verbalisation of intent to investigate (S, MKO) Saying that intend to investigate an observed anomaly. Video data. 
Verbalisation of uncertainty (S) Saying that unsure what is occurring on screen (in regards to 
controls, an observed anomaly etc.). 
Video data. 
Verbal instruction to represent (S) Saying to represent in a particular way what is occurring on screen 
(e.g. an anomaly in an observed image, hypothesis to explain an 
anomaly etc.). 
Video data. 
Verbalisation of checking information available (S, MKO) Talking about a particular image observed on screen to interpret. Video data. 
Textualisation of checking information available (S) Writing about a particular image observed on screen to interpret. Video data. 
Verbalisation of noticing anomaly (S, MKO) Saying an anomaly is observed in a particular image on screen. Video data. 
Textualisation of noticing anomaly (S) Writing an anomaly is observed in a particular image on screen. Video data. 
Verbalisation of setting specific control (variable) (S, 
MKO) 
Talking about the setting for a specific control (variable) on 
screen. 
Video data. 
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Verbal comment on existing representation (S) Talking about an existing representation. Video data. 
Verbalisation of drawing attention to relevant feature of 
image (MKO) 
Saying that a specific feature of a particular image on screen is 
relevant. 
Video data. 
Verbalisation of generic meaning of output (S) Talking about a specific type of data output on screen to 
determine what information needs to be interpreted. 
Video data. 
Verbal question about generic meaning of output (S) Asking a question about a specific type of data output on screen to 
determine what information needs to be interpreted.  
Video data. 
Verbalisation of specific meaning of output (S, MKO) Talking about specific data output on screen to interpret 
information. 
Video data. 
Textualisation of specific meaning of output (S) Writing about specific data output on screen to interpret 
information. 
Video data. 
Verbalisation of noticing absence of particular object (S) Saying that a specific agent has disappeared from a particular 
image on screen. 
Video data. 
Textualisation of noticing absence of particular object (S) Writing that a specific agent has disappeared from a particular 
image on screen. 
Video data. 
Verbalisation of noticing particular object achieve given 
task (S, MKO) 
Saying that a specific agent is executing a particular action in a 
particular image on screen. 
Video data. 
Textualisation of noticing particular object achieve given 
task (S) 
Writing that a specific agent is executing a particular action in a 
particular image on screen. 
Video data. 
Pictorialisation of noticing particular object achieve given 
task (S) 
Drawing/photographing a specific agent executing a particular 
action in a particular image on screen. 
Video data. 
Verbalisation of noticing presence of particular object (S, 
MKO) 
Saying that a specific agent has appeared in a particular image on 
screen. 
Video data. 
Textualisation of noticing presence of particular object (S) Writing that a specific agent has appeared in a particular image on 
screen. 
Video data. 
Pictorialisation of noticing presence of particular object (S) Drawing/photographing a specific agent appearing in a particular 
image on screen. 
Video data. 
Verbal question about anomaly (S) Asking a question about an anomaly observed in a particular 
image on screen. 
Video data. 
Verbal instruction (S, MKO) Saying to adjust a specific control in a particular way. Video data. 
Verbal comment on existing (S, MKO) Saying that have adjusted a specific control in a particular way. Video data. 
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 ‘S’ means executed by students and ‘MKO’ means executed by DM and EO. 
 
Verbal question about control (variable) (S) Asking a question about a specific control. Video data. 
Verbalisation of relationship between data in output 
(trends) (S, MKO) 
Talking about specific data output on screen and the trends in this 
data. 
Video data. 
Textualisation of relationships between data in output 
(trends) (S) 
Writing about specific data output on screen and the trends in this 
data 
Video data. 
Verbalisation of relationship between data in output (non-
trends) (S, MKO) 
Talking about specific data output on screen and the relevant non-
trend information. 
Video data. 
Table 3-6 The meaning and origin of each of the sentential abductive reasoning moves 
Figure 3-27 The code window for the students' action-based social 
moves 
 164 
 
 
Figure 3-28 The code window for the more knowledgeable others' action-based social moves 
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Social move Meaning Origin 
Social framework (S, MKO) Social interactions that facilitate one’s/others’ abductive 
reasoning moves. 
Tytler’s & Aranda’s (2015, p. 428) notion 
of a “discursive moves framework.” 
Questioning (S, MKO) Questioning one’s/others’ abductive reasoning moves. Tytler’s & Aranda’s (2015, p. 432) notion 
of a “new question.” 
Supporting (S, MKO) Supporting one’s/others’ abductive reasoning moves. Video data. 
Action (S, MKO) Body movements that facilitate one’s/others’ abductive 
reasoning moves. 
Video data. 
Use body to acknowledge (MKO) Body movement that acknowledges one’s/others’ abductive 
reasoning moves. 
Tytler’s & Aranda’s (2015, p. 432) notion 
of “acknowledging.” 
Use body to affirm (S, MKO) Body movement that affirms one’s/others’ abductive 
reasoning moves. 
Tytler’s & Aranda’s (2015, p. 432) notion 
of “affirming.” 
Use body to express question (MKO) Body movement that expresses a question. Video data. 
Use body to express instruction (MKO) Body movement that expresses an instruction. Video data. 
Compete for control of controls (S, MKO) Use body to take control of the computer model controls.  Video data. 
Using finger/pen to draw attention to students 
(MKO) 
Use a finger/pen to draw attention to a particular student. Video data. 
  ‘S’ means executed by students and ‘MKO’ means executed by DM and EO. 
 
Table 3-7 The meaning and origin of each of the action-based social moves 
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Figure 3-29 The code window for the students' visual-based social moves 
Figure 3-30 The code window for the more knowledgeable others' 
visual-based social moves 
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Social move Meaning Origin 
Social framework (S, MKO) Social interactions that facilitate one’s/others’ abductive 
reasoning moves. 
Tytler’s & Aranda’s (2015, p. 428) notion 
of a “discursive moves framework.” 
Questioning (S, MKO) Questioning one’s/others’ abductive reasoning moves. Tytler’s & Aranda’s (2015, p. 432) notion 
of a “new question.” 
Supporting (S, MKO) Supporting one’s/others’ abductive reasoning moves. Video data. 
Visual (S, MKO) Looking at others to facilitate one’s/others’ reasoning 
abductive moves. 
Video data. 
Looking at peers (S) Looking at peers to facilitate one’s/others’ abductive 
reasoning moves. 
Video data. 
Looking at demonstrator (S) Looking at demonstrator to facilitate one’s/others’ 
abductive reasoning moves. 
Video data. 
Looking at education officer (S, MKO) Looking at education officer to facilitate one’s/others’ 
abductive reasoning moves. 
Video data. 
Looking at students (MKO) Looking at students to facilitate one’s/others’ abductive 
reasoning moves. 
Video data. 
Looking at researcher (S) Looking at researcher to facilitate ones’/others’ abductive 
reasoning moves. 
Video data. 
  ‘S’ means executed by students and ‘MKO’ means executed by DM and EO. 
 
Table 3-8 The meaning and origin of each of the visual-based social moves 
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Figure 3-31 The code window for the students' verbal-based social moves 
Figure 3-32 The code window for the more knowledgeable others' verbal-based social moves 
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Social move Meaning Origin 
Social framework (S, MKO) Social interactions that facilitate one’s/others’ abductive 
reasoning moves. 
Tytler’s & Aranda’s (2015, p. 428) notion of a 
“discursive moves framework.” 
Questioning (S, MKO) Questioning one’s/others’ abductive reasoning moves. Tytler’s & Aranda’s (2015, p. 432) notion of a “new 
question.” 
Supporting (S, MKO) Supporting one’s/others’ abductive reasoning moves. Video data. 
Verbal (S, MKO) Talking to each other that facilitates one’s/others’ 
abductive reasoning moves. 
Tytler & Aranda. 
Verbal affirmation (S, MKO) Talking that affirms one’s/others’ abductive reasoning 
moves. 
Tytler’s & Aranda’s (2015, p. 432) notion of 
“affirming.”  
Verbal acknowledgement (S, MKO) Talking to affirm one’s/others’ abductive reasoning 
moves. 
Tytler’s & Aranda’s (2015, p. 432) notion of 
“acknowledging.” 
Re-voicing (MKO) Saying what another has said in a different way to support 
others’ abductive reasoning moves. 
Tytler’s & Aranda’s (2015, p. 432) notion of “re-
voicing.” 
Eliciting (MKO) Talking to get others to share their abductive reasoning 
moves. 
Tytler’s & Aranda’s (2015, p. 432) notion of 
“eliciting further responses/restating questions.” 
Request for confirmation (MKO) Asking for others to confirm their abductive reasoning 
moves. 
Tytler’s & Aranda’s (2015, p. 432) notion of 
“requesting confirmation.” 
Redirect to new task (S, MKO) Saying for others to focus on a new task. Video data. 
Instruction for representing (MKO) Saying how to represent. Video data. 
Encouragement to abduce (MKO) Talking to encourage others to carry out abductive 
reasoning. 
Video data. 
Encouragement to represent (MKO) Talking to encourage others to represent. Video data. 
Question about representing (MKO) Asking a question about representing. Video data. 
Question about control (variable) (MKO) Asking a question about a specific control (variable). Video data. 
Question about trends in output (MKO) Asking a question about specific data output on screen 
and the trends in this data. 
Video data. 
Question about non-trends in output 
(MKO) 
Asking a question about specific data output on screen 
and the relevant non-trend information. 
Video data. 
Asking extending question (MKO) Asking a question that goes beyond what is observable on 
screen in a particular image. 
Tytler’s & Aranda’s (2015, p. 433) notion of 
“asking an extending question.” 
Table 3-9 The meaning and origin of the verbal-based social moves 
 ‘S’ means executed by students and 
‘MKO’ means executed by DM and 
EO. 
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3.14 Test data 
The way in which the pre-test and the post-test data were collected and analysed will 
now be briefly discussed, including the rationale for using these as data collection 
instruments. The test data, as well as the Explain Everything projects that are 
discussed next, in contrast to the video data only formed a minor part of the study, 
hence the brief overview.  
3.14.1 Test construction and the rationale for their use 
The pre-test and post-test were created specifically to test the students’ understanding 
of natural selection as well as their meta-representational competence. The questions 
on the pre-test and post-test were identical, which was done to make easier the 
comparison of the students’ performances on the tests. However to reduce student 
anxiety they were not presented as tests, but rather as surveys that allowed the 
students to their share ideas (on natural selection) before and after they visited the 
Centre. The students completed the pre-test a few days before visiting the Centre and 
a few days after visiting the Centre. The teachers at the schools administered the 
tests. 
 The tests were an amalgamation of questions from a number of existing tests, 
in addition to a few new questions designed specifically to address the learning 
outcomes of the workshop. The questions were taken from: ‘The American 
Association for the Advancement of Science – Science Assessment Online Database’ 
(AAAS – SAOD) (AAAS, 2014) (more a repository of questions than a complete 
test); ‘Museum of Paleontology, University of California-Berkeley’s Online 
Database’ (MPUCOD) (UoC, 2014) (again more a repository of questions than a 
complete test); Anderson’s, Fisher’s and Norman’s (2002) ‘Conceptual Inventory of 
Natural Selection’ (CINS); Bishop’s and Anderson’s (1985, 1990) ‘Evolution 
Diagnostic Test’ (EDT); and Nehm’s, Beggrow’s, Opfer’s and Ha’s (2012) 
‘Assessing COntextual Reasoning about Natural Selection’ (ACORNS).  
 Based on these tests it was determined that the core concepts of natural 
selection (variability, heritability, differential survival and differential reproduction) 
(Opfer et al., 2012) were the focus of the pre-test and post-test as well as students’ 
meta-representational competence (their understanding of what constitutes a 
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representation and how they are used). It was in designing these tests that the 
learning outcomes were established for the workshop, such that the tests were a 
measure of these learning outcomes. The tests were constructed in consultation with 
the teachers from the participating schools to ensure they were appropriate. 
 The test was constructed in this way to take advantage of both open response 
items and close response items, and to minimise the limitations of using just one of 
these question types (Bridgeman, 1992; Kuechler & Simkin, 2003; Lukhele, Thissen, 
& Wainer, 1994; Nehm & Reilly, 2007; Nehm & Schonfeld, 2010; Rodriguez, 2003; 
Zeidner, 1987). While some of these test items were designed to measure recall and 
recognition, others were designed to require students to reason. By using questions 
from existing tests of natural selection that have proven reliability and validity, it was 
possible to be confident in the reliability and validity of the pre-test and post-test 
without extensive field testing (Gravetter & Forzano, 2003). 
3.14.2 Analysing the test data 
In order to determine whether there were any significant changes in the students’ 
performances on the post-test compared to the pre-test (i.e. did the workshop, but 
more specifically the computer session, as an intervention improve students’ 
understanding of natural selection or their meta-representational competence), a 
dependent t-test was conducted. Before the dependent t-test was conducted, a number 
of assumptions for the data had to be met: determining whether the dependent 
variable (i.e. test scores) was continuous (i.e. not measured on a continuous scale); 
determining whether the independent variable was categorical (i.e. consisting of 
related groups); determining whether there were any significant outliers in the 
differences between the two related groups (i.e. any differences between pre-test and 
post-test scores that were significantly greater than or less than the other mean of the 
differences between the pre-test and post-test scores); and finally, that the 
distribution of differences in the dependent variables between the two related groups 
was approximately normally distributed (i.e. the distribution of differences between 
the pre-test and post-scores was normally distributed).  
  A number of different comparisons were made: the students’ responses to the 
close response items were compared for the pre-test and the post-test; the students’ 
responses to the open response items were compared for the pre-test and the post-
 172 
test; and the students’ combined responses (i.e. responses to the close response items 
and open response items) were compared for the pre-test and the post-test. This was 
done separately for ‘school 1,’ ‘school 2’ and the schools combined. The test data 
were analysed in this way to isolate any effects of the different conditions. 
3.15 Explain Everything projects 
The final type of data was in the form of the representations that the students’ 
generated using the iPads. 
3.15.1 Project collection and the rationale for their use 
The representations, including text, drawings, videos and photos, that the students 
generated using Explain Everything were downloaded from the students’ iPads at the 
end of the workshop. These were a record of the representations that the students 
created and used. They were a static snapshot of the students’ reasoning via 
representations, which were used to support the interpretation of the video data.    
3.15.2 Analysing the projects 
Only the projects of the six students from ‘school 2,’ who were the focus of the video 
analysis, were explored. These students’ representations were evidence that they 
executed sentential abductive reasoning moves, in particular their use of text and 
photographs (as annotated images) as propositions. These were then used in 
conjunction with the narratives constructed from the interpretations (the transcription 
windows) to further enhance the modified timelines used to establish the principles 
(patterns of abductive reasoning moves and social moves). 
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4 Analysis/Results 
In this chapter the analysis of the video data that tracks, and therefore characterises, 
the students’ computer-mediated abductive reasoning is described in detail. Each of 
the three episodes of abductive reasoning was analysed using the coding scheme 
derived from Magnani’s (2001, 2009) three modes of abductive reasoning: 
manipulative, visual and sentential. The social moves that framed this abductive 
reasoning were identified using the expert teachers’ discursive moves outlined by 
Tytler and Aranda (2015). These episodes were chosen as they involved the students 
clearly experiencing surprise and confusion at anomalies generated by the computer 
models (hence forth just called models) and responding by hypothesising solutions 
(i.e. abductive reasoning seemed evident). The coded timelines displaying the 
temporal patterns in the students’ (as well as more knowledgeable others’, so the 
demonstrator’s and education officers’) abductive reasoning are presented and 
unpacked for each episode to establish a set of principles, which permit insight into 
this highly complex and dynamic hypothesising process. The analysis of episode 1 is 
presented in sufficient detail to establish the principles and demonstrate the analytical 
method. The analysis of episode 2 and episode 3 is presented in less detail and 
focuses on patterns of abductive reasoning and social moves most exemplary of the 
principles and those patterns leading to the most interesting and freshest insights. The 
analysis of the pre-tests and post-tests is briefly discussed as a counterpoint to the 
analysis of the video data. 
4.1 Analysing video and the principles of computer-mediated abductive 
reasoning  
The analysis of the video data focuses on characterising the students’ computer-
mediated abductive reasoning as a set of principles. 
4.1.1 Reiteration of video analysis 
Three episodes of abductive reasoning were analysed, each involving a different pair 
of students interacting with a different model to solve a particular mystery. Each 
episode consisted of two video segments. The video analysis involved constructing 
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coded timelines for each episode, with each timeline displaying as temporal patterns 
the students’ manipulative, visual and sentential abductive reasoning moves while 
other timelines displayed their social moves (which were also action-based, 
observation-based and proposition-based). By applying the coding schemes 
described above to each episode, patterns of abductive reasoning (i.e. collections of 
manipulative, visual and sentential abductive reasoning moves and social moves) 
occurring at the same time or in succession were identified.  
4.1.2 The principles 
These patterns of abductive reasoning formed a set of principles, shown in Table 4-1, 
that enabled the complexity and dynamism of the abductive reasoning process to be 
unpacked. The social moves did not form a principle per se, but rather were grouped 
together to form the social framework for the abductive reasoning. Each principle, 
and social framework, for each episode is represented by timelines that only show 
those abductive reasoning moves (or codes) relevant to that principle. These 
timelines are not intended to be read in full, but rather the coloured arrows and boxes 
highlight the key patterns involving the different modes of abductive reasoning. 
Other abductive reasoning moves included in the timelines that are not highlighted 
are present to contextualise the key patterns.  
Each move for each mode in each timeline is assigned a particular 
alphabetical label (uppercase letters with different colours for the different modes, 
with all social moves assigned the same colour) that corresponds to an interpretation 
of the move that is detailed below the timelines. These interpretations form a 
narrative of abductive reasoning for each principle (and social framework). The 
interpretation of each move for each episode is only detailed once. For example, if A 
is interpreted in the timeline for ‘Noticing Anomalies’ then this interpretation is not 
repeated for the timelines of the other principles. For ease of analysis the timelines 
for each principle of each episode were also deconstructed into meaningful segments 
that correspond to different runs of the model, involving primarily the students (MR 
= model run with students) or the students in conjunction with the demonstrator 
(DM) and/or education officer (EO) (MRD = model run with students and DM/EO). 
Before the principles are discussed for each episode, a narrative is first constructed to 
provide an overview of the progress of abductive reasoning across the episode and a 
context for its interpretation.   
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Table 4-1 The principles of abductive reasoning 
This same analysis was used to explore the abductive reasoning moves and the social 
moves of the more knowledgeable others (MKOs). However their abductive 
reasoning moves were not grouped into principles, but rather treated as a whole. 
Their social moves were grouped with the social moves of the students. In contrast to 
the students, the abducting reasoning moves and social moves of the MKOs are 
represented by lower case letters in the timelines. 
Principle Pattern of abductive reasoning/social moves 
Noticing anomalies The noticing of anomalies is accompanied by related 
verbalisations and leads to manipulations of the model in pursuit 
of explanations 
Checking trends The checking of trends, non-trend data and the meaning of 
different data output, and related verbalisations, precedes the 
noticing of anomalies  
Looking at controls The manipulation of the model is dependent on looking at the 
controls and is accompanied by relevant verbalisations, but also 
leads to non-control centred verbalisations 
Physically and virtually 
pointing 
Pointing, using either the computer cursor or finger/pen, to what 
takes place on screen leads to a variety of related manipulations, 
observations and verbalisations 
Verbal hypothesising Verbal articulation of ideas relating to previous and proceeding 
manipulations and observations of the model and is a 
continuation of the abductive reasoning chain 
Textual and pictorial 
hypothesising 
Verbal hypothesising is often accompanied by writing and 
photographing ideas as a further continuation of the formalisation 
of the chain of abductive reasoning 
Asking questions The asking of questions provides impetus for manipulations and 
observations of the model and associated verbalisations 
Giving instructions The giving of verbal instructions is directed towards not only 
manipulating the model but also to representing findings and 
further investigations 
Interacting with others 
(social framework) 
Manipulating, observing and verbalising/textualising/ 
pictorialising as students and MKOs look at, talk to and act 
towards each other 
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As mentioned earlier, the analysis for episode 1 is described in greater detail 
than for episode 2 and 3 as the principles and method of analysis are established and 
then elaborated in the other two episodes. However, the analysis of each episode 
always includes the timelines for the full set of principles and social framework. 
Episode 1 was chosen for this role simply because it was analysed first. By focusing 
on the similarities and differences in the principles for each episode a comprehensive 
and nuanced account of the abductive reasoning is possible. 
4.2 Episode 1 – The mystery of the missing malaria  
The first mystery to be explored is that of the missing malaria. I will first provide an 
overview of the reasoning process and social framework before moving to a detailed 
analysis.  
4.2.1 Overview 
The anomaly that defined this mystery was the disappearance of the malaria parasite. 
The abductive reasoning that I will explore was used by the students to resolve this 
anomaly. This episode involved S5 and S6 working with the DM on Computer 3 to 
explore why the malaria parasite continually disappeared from Model 2. The main 
data output consisted of the world and graphs (‘Human health,’ ‘Parasites,’ 
‘Mosquitos health,’ ‘Human deaths’). They initially set up the variables, ran the 
model and noticed a decrease over time in the number of infected humans (key trend 
1) and an increase over time in the number of healthy humans (key trend 2). They 
then soon noticed something anomalous: humans infected with malaria died out and 
the malaria parasite disappeared (key anomaly 1). This was a mystery that the 
students needed to investigate in order to resolve the confusion generated by the 
anomaly, and they did so via a repeating cycle of changing the variables and running 
the model. Initially this changing of the variables was not obviously structured. The 
students then noticed the anomalous behaviour of healthy humans, who prospered 
while infected humans perished (key anomaly 2). The mystery deepened and so 
demanded further explanation. The model then continued to present the students with 
the same key anomalies. The DM then asked what was taking place, and the students 
responded by explaining the setting of the variables and the data. 
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 However, the students were still not satisfied because the mystery remained 
and so they continued to change the variables and run the model. A clear pattern then 
started emerging; the students increasingly set the variables to more extreme levels; 
increasing the number of infected humans and infected mosquitos and decreasing the 
number of healthy humans and healthy mosquitos. The students’ idea was that 
humans infected with malaria, and thus the malaria parasite itself, should persist 
while healthy humans should be rare. Any contrary scenarios were mysterious, 
surprising and confusing. But the students were again repeatedly presented with the 
key anomalies. On the final run of the model they tried an alternative tactic and set to 
the maximum the frequencies of infected humans, infected mosquitos, healthy 
humans and healthy mosquitos. But the mystery persisted. 
 Therefore the students did not succeed in solving the mystery and their 
confusion remained. They did not alter the model in such a way that the malaria 
parasite persisted and infected humans outnumbered healthy humans. However this 
research concerns not so much whether the students solved the mystery, but rather 
how they went about investigating the mystery. In particular, how the students 
interacted with the model, their peers and DM to hypothesise about this mystery. 
4.2.2 Noticing anomalies 
The noticing of anomalies is accompanied by related verbalisations and leads to 
manipulations of the model in pursuit of explanations 
The first principle to be discussed is ‘noticing anomalies’: The timelines 
demonstrating this principle are shown in Figure 4-1 and Figure 4-2. They 
demonstrate that when S5 and S6 noticed the anomalies generated by the model, in 
the ‘Human deaths’ graph and world, they often verbalised this noticing and then 
proceeded to change the variables and run the model. Of particular importance were 
the two key anomalies of the disappearance of infected humans and the dominance of 
healthy humans. The noticing of anomalies, a visual abductive reasoning move, was 
closely followed by the students’ verbalisations, a sentential abductive reasoning 
move, which led to a series of manipulative abductive reasoning moves.  
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
A. S5: Adjusts the 'initial number of infected humans' slider so decreases to 65.; Adjusts the 'initial number of infected mosquitos' slider so 
decreases to 670.; The 'initial number of healthy humans' slider is already set at 2000.; The 'initial number of healthy mosquitos slider' is already 
set at 2000./B. S5: Presses the 'Set Up' button to populate world and apply variables./D. S5: Presses the 'Go' button to start the model./F. S5: 
Presses the 'Go' button to stop the model./G. S5: Presses the 'Set Up' button to populate world and apply variables./H. S5: Adjusts the 'initial 
number of infected humans' slider so increases to 265.; The 'initial number of healthy humans' slider remains set at 2000.; The 'initial number of 
infected mosquitos' slider remains set at 670.; The 'initial number of healthy mosquitos' slider remains set at 2000./I. S5: Presses the 'Go' button 
to start the model./J. S5: Presses the 'Go' button to stop the model./K. S5: Presses the 'Set Up' button to populate world and apply variables./L. S5: 
Presses the 'Go' button to start the model. /M. S5: Presses the 'Go' button to stop the model./N. S5: Presses the 'Set Up' button to populate world 
and apply variables./O. S5: Adjusts the 'initial number of infected mosquitos' slider so increases to 1575.; The 'initial number of infected humans' 
slider remains set at 265.; The 'initial number of healthy humans' slider remains set at 2000.; The 'initial number of healthy mosquitos' slider 
remains set at 2000./P. S5: Presses the 'Go' button to start the model./Q. S5: Presses the 'Go' button to stop the model./R. S5: Presses the 'Set Up' 
button to populate world and apply variables./ 
 
1. Student     6. Noticing absence of particular object 
2. Re-ordering & changing relationships 7. Noticing particular object achieve given task 
3. Generation of image   8. Verbalisation of noticing absence of particular object 
4. Transformation of image   9. Verbalisation of noticing particular object achieve given task 
5. Halt image 
 
Figure 4-1 The timeline for 'noticing anomalies' for video segment 1 of episode 1 
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S. S5: Adjusts the 'initial number of healthy humans' slider so decreases to 840.; Adjusts the 'initial number of healthy mosquitos' slider so decreases 
to 0.; Again adjusts the 'initial number of healthy humans' slider so increases to 850.; The 'initial number of infected humans' slider remains set at 
265.; The 'initial number of infected mosquitos' slider remains set at 1575./T. S5: Presses the 'Set Up' button to populate world and apply 
variables./U. S5: Presses the 'Go' button to start the model./V. S5: Presses the 'Go' button to stop the model./W. S5: Presses the 'Set Up' button to 
populate world and apply variables./Z. S5: Adjusts the 'initial number of healthy mosquitos' slider so increases to 2000.; Adjusts the 'initial number 
of healthy humans' slider so increases to 2000.; Adjusts the 'initial number of infected mosquitos' slider so decreases to 849.; The 'initial number of 
infected humans' slider remains set at 265./AA. S5: Presses the 'Set Up' button to populate world and apply variables./BB. S5: Presses the 'Go' 
button to start the model./EE. S5: Presses the 'Go' button to stop the model./FF. S5: Presses the 'Set Up' button to populate world and apply 
variables./GG. S5: Adjusts the 'initial number of healthy mosquitos' slider so decreases to 0.; The 'initial number of infected humans' slider remains 
set at 265.; The 'initial number of healthy humans slider' remains set at 2000.; The 'initial number of infected mosquitos' slider remains set at 849. 
 
VISUAL ABDUCTIVE REASONING MOVES 
F. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the absence (disappearance) of 'infected/malarial humans.'/K. S5 & S6: Looking 
at world and the 'Human deaths' graph; noticing the absence (disappearance) of 'infected/malarial humans' and 'parasites.'/N. S5 & S6: Looking at 
world and the 'Human deaths' graph; noticing the absence (disappearance) of 'infected/malarial humans.'/O. S5 & S6: Looking at world and the 
'Human deaths' graph; noticing the dominance of 'healthy/natural humans.'/N. S5 & S6: Looking at world and the 'Human deaths' graph; noticing 
the absence (disappearance) of 'infected/malarial humans.'/O. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the dominance of 
'healthy/natural humans.' 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
G. S5: "Whoa!"/J. S5: "Humans just died!"/L. S6: "Yeah, but like there's no more, but there's no more malaria."/N. S6: "Whoa!"; S5: "Whoa. So healthy 
humans."/O. S6: "Whoa!"; S5: "Whoa. So healthy humans."/R. S6: "Whoa!"; S5: "No?! Are you serious?! You gotta record this. I don't even know what 
to record to say that..."/S. S6: "Whoa!"; S5: "No?! Are you serious?! You gotta record this. I don't even know what to record to say that..." 
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
A. S5: Presses the 'Set Up' button to populate world and apply variables./C. S5: Adjusts the 'initial number of infected mosquitos' slider so 
increases to 2000.; Adjusts the 'initial number of healthy humans' slider so decreases to 50.; The 'initial number of infected humans' slider remains 
set at 1005.; The 'initial number of healthy mosquitos' slider remains set at 0./F. S5: Presses the 'Set Up' button to populate world and apply 
variables./G. S5: Presses the 'Go' button to start the model./I. S5: Presses the 'Go' button to stop the model./J. S5: Presses the 'Set Up' button to 
populate world and apply variables./K. S5: Adjusts the 'initial number of healthy humans' slider so reduces to 0.; The 'initial number of infected 
humans' remains set at 1005.; The 'initial number of infected mosquitos' slider remains set at 2000.; The 'initial number of healthy mosquitos' 
slider remains set at 0./L. S5: Presses the 'Set Up' button to populate world and apply variables./M. S5: Presses the 'Go' button to start the 
model./N. S5: Presses the 'Go' button to stop the model./O. S5: Presses the 'Set Up' button to populate world and apply variables./P. S5: Adjusts 
the 'initial number of infected humans' slider so increases to 2000.; The 'initial number of healthy humans' slider remains set at 0.; The 'initial 
number of infected mosquitos' slider remains set at 2000.; The 'initial number of healthy mosquitos' slider remains set at 0./R. S5: Presses the 'Set 
Up' button to populate world and apply variables./S. S5: Presses the 'Go' button to start the model./U. S5: Presses the 'Go' button to stop the 
model./V. S5: Presses the 'Set Up' button to populate world and apply variables./ 
Figure 4-2 The timelines for 'noticing anomalies' for video segment 2 of episode 1 
1. Student     6. Noticing absence of particular object 
2. Re-ordering & changing relationships 7. Noticing particular object achieve given task 
3. Generation of image   8. Verbalisation of noticing absence of particular object 
4. Transformation of image   9. Verbalisation of noticing particular object achieve given task 
5. Halt image 
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W. S5: Adjusts the 'initial number of healthy humans' slider so increases to 2000.; Adjusts the 'initial number of healthy mosquitos' slider so 
increases to 2000.; The 'initial number of infected humans' slider remains set at 2000.; The 'initial number of infected mosquitos slider' remains 
set at 2000./X. S5: Presses the 'Set Up' button to populate world and apply variables./Y. S5: Presses the 'Go' button to start the model./Z. S5: 
Presses the 'Set Up' button to populate world and apply variables./AA. S5: Presses the 'Go' button to stop the model. 
 
VISUAL ABDUCTIVE REASONING MOVES 
C. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the absence (disappearance) of 'infected/malarial humans.'/D. S5 & S6: 
Looking at world and the 'Human deaths' graph; noticing the dominance of 'healthy/natural humans.'/G. S5 & S6: Looking at world and the 
'Human deaths' graph; noticing the absence (disappearance) of 'infected/malarial humans.'/H. S5 & S6: Looking at world and the 'Human deaths' 
graph; noticing the dominance of 'healthy/natural humans.'/K. S5 & S6: Looking at the 'Human deaths' graph; noticing the absence 
(disappearance) of 'malarial humans.'/L. S5 & S6: Looking at the 'Human deaths' graph; noticing the dominance of 'natural humans.' 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
D. S6: "Ohhh."; S5: "What?!"/E. S6: "Ohhh."; S5: "What?!"/I. S6: "What?!"/J. S6: "What?!"/L. S5: "They just die! And they die out and then healthy 
people go up."/M. S5: "They just die! And they die out and then healthy people go up." 
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This grouping of the different modes of abductive reasoning moves and its 
repeating over time, evident in most of the model runs, is indicated by the arrows and 
boxes in the timelines. The pattern of reasoning is clear; this flow of abductive 
reasoning can be followed in the timelines. The students’ noticing of anomalies and 
associated verbalisations instigated their changing of the variables that enabled 
exploration of solutions to the mystery. These verbalisations also functioned as 
important markers for the students’ identification of anomalies, including the 
communication of their understandings to their peers and the DM. They also clearly 
indicated to the researcher when in the video the students were engaging with 
anomalies. A closer inspection of the model runs makes clearer the pattern that 
defines this principle. 
MR1: The students initially set the variables so that: the ‘initial number of infected 
humans’ was decreased to 65, the ‘initial number of infected
 mosquitos’ was decreased to 670, the ‘initial number of healthy humans’ was 
left at 2000, and the ‘initial number of healthy mosquitos’ was left at 2000 (A 
 in Figure 4-1).  
The students’ reason for initially setting the variables in this way is difficult to 
determine and reflects the often intuitive and speculative nature of their abductive 
reasoning. It was a case of ‘try and see.’ However the students could only alter the 
model within the pre-set limits, such that the model productively constrained their 
reasoning.  
MR1: The students then ran the model and noticed the key anomaly 1; the 
 disappearance of infected humans10 (F in Figure 4-1). S5 said, “Whoa!,” (G 
in Figure 4-1) in surprise at this event. The disappearance of these agents was 
 not expected and confused the students.  
The students, in response to this anomaly, initiated a line of abductive reasoning by 
which they increased the initial numbers of infected humans and the initial number 
                                                 
10 The infected humans were necessarily malarial humans (i.e. infected with malaria). Similarly the 
infected mosquitos were necessarily malarial mosquitos. 
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of infected mosquitos, and decreased the initial number of healthy humans11 and the 
initial number of healthy mosquitos. Through these alterations of the model they 
intended to stabilise the population of infected humans and put an end to the 
dominance of healthy humans and in doing so resolve their confusion. However they 
were continually presented with the two key anomalies, key anomaly 2 first arising 
in MR3, and gradually became more surprised and confused as reflected in their 
verbalisations. 
MR2: The students increased the initial number of infected humans (H in Figure 4-
1). They noticed the key anomaly 1 as well as the disappearance of malaria 
parasites (K in Figure 4-1). S5 exclaimed, “Humans just died!”, (J in Figure 
4-1) shortly followed by S6 saying, “Yeah, but like there's no more, but 
there's no more malaria” (L in Figure 4-1). 
MR3: The students increased the initial number of infected mosquitos (O in 
 Figure 4-1). Once again they noticed key anomaly 1, but they also noticed the 
dominance of healthy humans (N and O in in Figure 4-1), which was key 
anomaly 2. S6 remarked, “Whoa!”, while S5 exclaimed, “Whoa! So healthy 
humans” (N and O in Figure 4-1). 
MR4: The students decreased both the initial number of healthy humans and the 
initial number of healthy mosquitos (S in Figure 4-1). But they observed the 
same key anomalies (R and S in Figure 4-1). S6 remarked, “Whoa!”, and S5 
exclaimed, “No?! Are you serious?! You gotta record this. I don't even 
 know what to record to say that...” (R and S in Figure 4-1). 
The students were so surprised by the persistence of the key anomalies that they were 
compelled to record evidence of their existence. This remark from S5 suggests that 
the students were unsure how to record their observation of the key anomalies and 
their proposed explanations in a propositional form (i.e. inscribed on the iPad as a 
sentential abductive reasoning move). In contrast, they confidently interacted with 
the model to explore possible solutions to the mystery (i.e. through manipulative 
abductive reasoning moves). So the model was highly valuable as it enabled the 
students to conduct abductive reasoning even though they could not explicitly 
                                                 
11 The healthy humans were necessarily natural humans (i.e. not infected with malaria). Similarly the 
healthy mosquitos were necessarily natural mosquitos. 
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articulate in a propositional form why the mystery persisted and how it could be 
solved. These manipulative abductive reasoning moves were therefore a powerful 
means for these students to reason, while their sentential abductive reasoning moves 
were not as productive for their explorations. The students’ attempts to formalise 
their ideas, even if not ready to do so, were a response to the DM’s instructions and 
likely a reflection of their schooling that prioritised formal reasoning. 
After the DM worked with the students for a short time during MRD-1, S5 
and S6 returned to their previous line of abductive reasoning.  
MR5: The students decreased the initial number of healthy mosquitos (GG in Figure 
4-1).  
Before the students could run the model, the DM redirected them to a new task and 
so temporarily ended their abductive reasoning. But they soon returned to their 
investigation, however the baseline settings for the variables had been changed when 
completing the other task. 
MR6: The students increased the initial number of infected mosquitos and  decreased 
the initial number of healthy humans, so that: the ‘initial number of infected 
mosquitos’ was increased to 2000 and the ‘initial number of healthy humans’ 
was decreased to 50 (C in Figure 4-2). But the key anomalies remained (C 
and D in Figure 4-2). S6 said, “Ohhh,” and S5 remarked, “What?!” (D and E 
in Figure 4-2).  
MR7: The students decreased the initial number of healthy humans in (K in 
 Figure 4-2). But the students noticed the persistence of the key anomalies (G 
 and H in Figure 4-2). S6 remarking, “What?!” (I and J in Figure 4-2).  
MR8: The students then made the only remaining change to the variables that 
 would complete their line of abductive reasoning; they increased the initial 
 number of infected humans (P in Figure 4-2). Despite having maxed out the 
 variables (i.e. maximum frequencies for infected humans and infected 
 mosquitos and minimum frequencies for healthy humans and healthy 
 mosquitos) they again noticed the key anomalies (K and L in Figure 4-2). S5 
 exclaimed, “They just die! And they die out and then healthy people go up” 
(L and M in Figure 4-2).  
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 Did the students become frustrated and give up investigating the mystery 
because their repeated attempts at solutions had failed? No. Instead they tried a 
radically different approach that was more speculative than their previous efforts. 
They returned to the ‘try and see’ approach of MR1. 
MR9: The students set all the variables to the maximum frequencies (W in 
 Figure 4-2).  
These manipulations were completely different from the students’ initial line of 
abductive reasoning and in this regard do not make sense. Using the lens of classical 
logic, which positions reasoning as necessarily formal, it is difficult to see how 
increasing the initial number of healthy humans and healthy mosquitos could lead to 
their demise and the prospering of infected humans. But the students were not bound 
by formal reasoning; the model afforded them the opportunity to generate a novel 
solution (i.e. a highly speculative hypothesis that was possibly erroneous/fallacious) 
of which the consequences could not be predicted. The abductive reasoning emerged 
as the variables were changed; it was highly speculative in nature and deeply 
embedded in the students’ interactions with the model. The model once again 
enabled the students to continue exploring the mystery despite not being able to 
explicitly, and thus formally, articulate what was taking place and why. However the 
DM redirected the students to a new task before they could properly observe the data 
output and fully realise their proposed solution. The DM again truncated the 
students’ abductive reasoning.  
The students’ different runs of the model suggest that it was their noticing of 
the anomalies, reflected by their verbalisations, which instigated their engagement 
with the model for the purposes of inquiry. It was in response to the key anomalies, 
specifically the surprise and confusion they engendered, that the students conducted 
sustained reasoning. The students always looked at the world and the ‘Human 
deaths’ graph to notice these anomalies because this particular data output presented 
the interactions between the key agents in a way that made obvious the mystery. The 
students seemed to identify with the agents in the world (iconic representations) and 
use the ‘Human deaths’ graph (indexical and symbolic representations) to further 
explore the agents’ behaviour over time. The students repeated changing of the 
variables as a means of exploring possible solutions to the mystery were directly 
informed by the information contained in the anomalies. This hypothesising was at 
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first highly speculative and intuitive but became more systematic as the students 
sought to stabilise the population of infected humans and end the dominance of 
healthy humans. But when this systematic approach failed they returned to a more 
speculative approach rooted in intuition. By generating a mystery the model not only 
challenged the students’ existing ideas about the epidemiology of malaria and its 
potential role as a selective pressure on the human genome, but also provided a 
means for them to create and explore possible solutions, including highly novel and 
speculative ideas, within a broad set of boundaries that guided their reasoning. 
The students’ abductive reasoning was therefore not only multimodal, 
involving manipulative, visual and sentential abductive reasoning moves, but also 
distributed between the students, DM and model. Without the model, the students 
would have struggled to break free of the restraints of formal reasoning. The model 
gave their intuitive ideas a more tangible form; their intuitions were refined and 
developed as they manipulated the model and observed the images on screen. The 
model productively constrained the students’ exploration of natural selection: it 
afforded abductive reasoning. 
4.2.3 Checking trends 
The checking of trends, non-trend data and the meaning of different data output, and 
related verbalisations, precedes the noticing of anomalies 
The timelines for the next principle, ‘checking trends’, are shown in Figure 4-3 and 
Figure 4-4. This principle identifies the way in which noticing of anomalies by S5 
and S6, and their subsequent changing of the variables, was preceded by noticing 
trends, in graphical output, in the frequencies of: infected humans, healthy humans 
and the malaria parasite. In particular they noticed a decrease over time in the 
number of infected humans (key trend 1) and an increase over time in the number of 
healthy humans (key trend 2). Both were present in the world and ‘Human deaths’ 
graph. But first the students had to recognise the presence of agents in the world 
(infected humans, healthy humans, infected mosquitos, healthy mosquitos and the 
malaria parasite) as well as the meaning of the data generated by the different graphs. 
The students could only notice the key anomalies and change the variables to 
generate solutions if they first determined the trends that were important for 
investigating the mystery.  
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MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
B. S5 & S6: Looking at world; noticing the presence of 'healthy humans,' 'infected humans,' 'healthy mosquitos' and 'infected mosquitos.'/D. 
S5 & S6: Looking at graphs; the 'Human health' graph, the 'Parasites' graph, the 'Mosquito health' graph and the 'Human deaths' graph and 
noticing how to interpret./  
1. Student      8. Checking generic meaning of output 
2. Re-ordering & changing relationships  9. Checking relationships between data in output (non-trends) 
3. Generation of image    10. Checking relationships between data in output (trends) 
4. Transformation of image    11. Verbalisation of noticing absence of particular object 
5. Halt image     12. Verbalisation of particular object achieve given task 
6. Noticing absence of particular object  13. Verbalisation of relationships between data in output (non-trends) 
7. Noticing particular object achieve given task 14. Verbalisation of relationships between data in output (trends)    
   
Figure 4-3 The timeline for 'checking trends' for video segment 1 of episode 1 
E 
G 
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E. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the trend of the number of 'healthy/natural humans' increasing and the 
number of 'infected/malarial humans' decreasing over time. /H. S5 & S6: Looking at world and the 'Humans deaths' graph; noticing the trend of 
the number of 'parasites' decreasing and the number of 'infected/malarial humans' decreasing over time./J. S5 & S6: Looking at world and 
'Human deaths' graph; noticing the trend of the number of 'parasites' decreasing and the number of 'infected/malarial humans' decreasing over 
time. /M. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the trend of the number of 'infected/malarial humans' decreasing 
and the number of 'healthy/natural humans' increasing over time./Q. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the 
trend of the number of 'infected/malarial humans' decreasing and the number of 'healthy/natural humans' increasing over time/ Y. S5 & S6: 
Looking at world and the 'Human deaths' graph; noticing the trend of a large number of 'healthy/natural humans' initially get infected and then 
the number of 'infected/malarial humans' decreases over time.; Looking at the 'Human deaths' graph; noticing the trend of initially there is an 
increasing number of the 'total Human deaths' and an increasing number of the 'malarial Human deaths' over time but then there is a decreasing 
number of the 'total Human deaths' and a decreasing number of the 'malarial Human deaths' over time.; Looking at the 'Parasites' graph; 
noticing the trend of the number of 'total parasites' decreasing, the number of parasites in 'humans' decreasing and the number of parasites in 
'mosquitos' decreasing over time until it reaches 0. 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
C. S5: "I feel sorry for those humans."/F. S6: "Clear, so nothing unhealthy there."/DD. S5: "So a lot of people initially get affected and then they 
all...But there's not many deaths. So they...it spikes but then it decreases."/EE. S5: "They, um, die." 
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1. Student    7. Noticing particular object achieve given task 
2. Re-ordering & changing relationships 8. Checking relationships between data in output (trends)             
3. Generation of image   9. Verbalisation of noticing absence of particular object          
4. Transformation of image  10. Verbalisation of noticing particular object achieve given task                
5. Halt image    11. Verbalisation of relationships between data in output (trends) 
6. Noticing absence of particular object   
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
B. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the trend of the number of 'infected/malarial humans' decreasing and the 
number of 'healthy/natural humans' increasing over time. /F. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the trend of the 
number of 'infected/malarial' humans' decreasing and the number of 'healthy/natural humans' increasing over time. /J. S5 & S6: Looking at world 
and the 'Human deaths' graph; noticing the trend of the number of 'infected/malarial humans' decreasing and the number of 'healthy/natural 
humans' increasing over time./N. S5 & S6: Looking at world and the 'Human deaths' graph; noticing the trend of the number of 'infected/malarial 
humans' decreasing and the number of 'healthy/natural humans' increasing over time. 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
P. S6: "Oohh." 
 
 
Figure 4-4 The timeline for 'checking trends' for video segment 2 of episode 1 
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The students’ verbalisations reflected their noticing of these trends, not only enabling 
them to communicate ideas to each other and the DM but also indicating to the 
researcher important events in the video data.  
 The students’ abductive reasoning moves were once again packaged. 
Manipulative, visual and sentential abductive reasoning moves co-occurred with one 
preceding and/or following another. This pattern of abductive reasoning can be seen 
in the timelines by following the flow of the arrows and boxes, which can be further 
elaborated through a discussion of the model runs.  
MR1: When altering the variables for the first time (A in Figure 4-3) before the   
model was started, the students made an important observation. They noticed, 
looking at the world, the presence of healthy humans, infected humans, healthy 
mosquitos and infected mosquitos (B in Figure 4-3). S5 remarked, “I feel sorry 
for those humans” (C in Figure 4-3).   
This observation enabled the students to determine the specific agents inhabiting the 
world. They were the key characters of the mystery. S5’s comment suggests that 
even at this early stage of investigation, the students were aware that many humans 
in the presence of many mosquitos was alarming; healthy humans would soon 
become infected with malaria. This comment also suggests that the students 
identified with humans as opposed to the other agents, and henceforth they focused 
their attention on infected humans and healthy humans and only considered the other 
agents in relation to humans. The mystery was not why the malaria parasite 
disappeared, or why infected mosquitos did not outnumber healthy humans, but 
rather why infected humans disappeared and healthy humans were dominant. 
MR1: After the students started running the model they looked at the different graphical 
output (D in Figure 4-3). S5 asked, of himself and his partner, “How do we read 
these charts?” (E in Figure 4-3). The students were trying to determine how to 
interpret the different graphical output, which was necessary to interact with the 
model in a meaningful way. 
MR1: The students soon noticed the number of healthy humans increasing (key trend 1) and 
the number of infected humans decreasing over time (key trend 2) (E in Figure 4-3). 
S6 remarked, “Clear, so nothing unhealthy there,” (F in Figure 4-3). 
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These two key trends henceforth dominated the students’ interactions with the 
model. But for now they were more focused on the latter trend than the former trend. 
The students were starting to determine the data output most relevant for their 
investigation as well as starting to link the different types of data output, in particular 
the world and ‘Human deaths’ graph. 
MR1: Shortly following this observation, the students then noticed and verbalised 
 the key anomaly 1 (F and G in Figure 4-3).  
The students noticing of the key anomaly directly followed their observation of the 
key trends. 
MR2: After they changed the variables (H in Figure 4-3) but before they set up the 
model to run (i.e. the model was run using the previous settings), the students 
noticed once again key trend 1 but also the number of malaria parasites 
decreasing over time (H in Figure 4-3). 
This was an important trend because the decrease in the number of malaria parasites 
over time was directly (i.e. causally) related to the decrease in the number of infected 
humans over time.  
MR2: Once the model was running with the new settings, the students noticed the same 
trends (J in Figure 4-3) and soon noticed key anomaly 1 as well as the disappearance 
of the malaria parasite (K, J and L in Figure 4-3). 
Once again the students’ noticing of particular trends in the data preceded their 
noticing of the key anomalies, and again they did not verbalise their noticing of the 
trends but they did verbalise their noticing of the key anomalies. The students needed 
to notice the key trends before noticing, and appreciating, the significance of the key 
anomalies that demanded their sustained reasoning.  
During the next few model runs, the students observed the same key trends 
soon followed by the same key anomalies, which they also verbalised. 
MR3: See O, M, N, O, N and O in Figure 4-3. 
MR4: See S, Q, R, S, R and S in Figure 4-3. 
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The key trends informed the students of the presence of the key anomalies, but it was 
the anomalies and not the trends that mystified the students. Hence the anomalies and 
not trends were verbalised. The students looked at the world and the ‘Human deaths’ 
graph to detect these key trends and associated key anomalies because this data 
output reflected the students’ focus on the fate of the humans. These trends and 
anomalies were most salient in this data output. 
 At this point in time the DM joined the students. 
MR-D1: The students adjusted the variables (Z in Figure 4-3) and noticed a large 
number of healthy humans initially getting infected and then the number of 
infected humans decreasing over time (Y in Figure 4-3). They then noticed an 
increasing number of total human deaths and an increasing number of 
malaria-induced human deaths over time, but then a decreasing number of 
total human deaths and a decreasing number of malaria-induced human 
deaths over time (Y in Figure 4-3). The students then noticed the total 
number of malaria parasites decreasing, the number of malaria parasites in 
humans decreasing and the number of malaria parasites in mosquitos 
decreasing over time until they reached 0 (Y in Figure 4-3). S5 commented, 
“So a lot of people initially get affected and then they all...But there's not 
many deaths. So they...it spikes but then it decreases” (DD in Figure 4-3). 
The students were making use of different types of graphical output in order to 
unpack the key trends that underpinned the key anomalies, as well as providing a 
more detailed explanation of the mystery, and their proposed solutions, to the DM. 
Unlike previous runs of the model, the students verbalised their noticing of the 
trends. They did so in order to explicitly communicate the mysterious nature of the 
missing malaria to the DM and to reinforce the importance of the trends for 
appreciating the key anomalies. 
MRD-1: During this exchange between the students and DM, S5 also said, “They, um, die,” 
(EE in Figure 4-3) in response to the DM’s question, “Because, because what 
happens? Tell me what happens to, um, parasites?” (o in Figure 4-16).  
The DM was supporting the students to appreciate the significance of the decreasing 
number of malaria parasites over time. The students, in order to solve the mystery, 
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had to explore this aspect of the model that seemed peripheral to their main concern 
for the plight of infected humans. The DM was reaffirming the importance of the 
malaria parasite itself, as distinct from infected humans and infected mosquitos. 
After finishing their discussion with the DM, the students returned to 
investigating possible solutions to the mystery. They did not complete their next 
attempted model run, MR5 (GG in Figure 4-3), due to the DM’s intervention. But 
during their next few model runs they observed the same key trends leading to the 
same key anomalies and again verbally expressed their surprise and confusion. 
MR6: See C, B, C, D, D and E in Figure 4-4. 
MR7: See K, F, G, H, I and J in Figure 4-4. 
MR8: See P, J, K, L, L and M in Figure 4-4. 
S5 and S6 then abandoned this particular line of abductive reasoning.  
MR9: The students tried maxing out the settings for the variables (W in Figure 4-4). 
But the key trends remained (N in Figure) and S6 verbalised their noticing of 
these trends by saying, “Oohh” (P in Figure 4-4).  
This statement reflected the students’ surprise at the persistence of the trends despite 
the different approach they had taken to changing the variables. The students realised 
that the key anomalies were likely to appear again despite not completing the model 
run due to the DM’s intervention. The key trends were indicative of the key 
anomalies and as such the students remained confused. 
By observing key trends in the data output, in particular the world and 
‘Human deaths’ graph, the students during different runs of the model were able to 
identify the recurrence of the key anomalies. They were therefore able to construct a 
clear narrative of the mystery. These trends also directly informed students’ changing 
of the variables in search of a solution; if the students could create different trends in 
the data then the anomalies may not repeat. The students primarily valued the trends 
in relation to the anomalies, reflected in their mainly verbalising the noticing of 
anomalies and not trends. Without a mystery, in other words without confusion, the 
students were unlikely to undertake abductive reasoning and begin to develop a more 
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comprehensive understanding of the epidemiology of malaria and its potential role as 
a selection pressure on the human genome. The key trends were central to 
establishing this mystery as manifested in the key anomalies. Again the execution of 
this reasoning involved the three modes of abductive reasoning, which played out 
across the students, DM and model. 
4.2.4 Looking at controls 
The manipulation of the model is dependent on looking at the controls and is 
accompanied by relevant verbalisations, but also leads to non-control centred 
verbalisations   
‘Looking at controls’ is the next principle to consider. Figure 4-5 and Figure 4-6 
show the patterns of abductive reasoning moves that constitute this principle. When 
S5 and S6 changed the variables and ran the model in order to explore solutions for 
the mystery, they necessarily looked at the controls of the model. While they often 
looked at the controls to change the variables, at other times they looked at the 
controls in order to execute less pragmatic, and more epistemic, abductive reasoning 
moves. In particular the controls functioned as a visual reference point in regards to 
the key trends and key anomalies they observed. In addition, not only did the 
students verbalise the changing of the variables as they occurred, but they also 
verbalised their intent to change particular variables.  
These verbalisations highlight the sentential nature of the students’ 
manipulations of the model and provide further insights into the students’ 
manipulative abductive reasoning moves. These verbalisations also suggest that even 
if a student was not in direct control of the model, they could still contribute to the 
changing of the variables. The manipulation of the model was not solely executed by 
the student in direct control, but rather involved both the students, DM and model; 
abductive reasoning was distributed across the system. The seemingly pragmatic 
function of looking at the controls was in fact a multimodal package of abductive 
reasoning moves that repeatedly played out across model runs, as evident in the 
arrows and boxes of the timelines. 
MR1: S6 instructed S5 to, “Infect a human,” (A in Figure 4-5) while looking at this 
control (A in Figure 4-5). 
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1. Student    3. Generation of image  5. Halt image    7. Verbal instruction 
2. Re-ordering & changing relationships.   4. Transformation of image 6. Checking controls (variables)   8. Verbal comment on existing 
  
   
 MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
VISUAL ABDUCTIVE REASONING MOVES 
A. S5 & S6: Looking at variable controls; the 'initial number of infected humans' slider, the 'initial number of infected mosquitos' slider and the 'set 
up' button./C. S5 & S6: Looking at variable controls; the 'Go' button./G. S5 & S6: Looking at variable controls; the 'Go' button, the 'initial number of 
infected humans' slider and the 'Go' button again./I. S5 & S6: Looking at variable controls; the 'Set Up' button and the 'Go' button./L. S5 & S6: 
Looking at variable controls; the 'Go' button, the 'Set Up' button, the 'initial number of infected mosquitos' slider and the 'Go' button again./P. S5 & 
S6: Looking at variable controls; the 'Go' button, the 'Set Up' button, the 'initial number of healthy humans' slider, the 'initial number of infected 
mosquitos' slider and the 'initial number of healthy humans' slider again. /U. S5 & S6: Looking at variable controls; the 'Go button, the 'Set Up' 
button, the 'initial number of infected mosquitos' slider, the 'initial number of healthy mosquitos' slider, the 'initial number of healthy humans' 
slider, the 'initial number of infected humans' slider, the 'initial number of infected humans' slider again and the 'initial number of healthy humans' 
slider again./X. S5 & S6: Looking at variable controls; the 'initial number of healthy mosquitos' slider, the 'initial number of healthy humans' slider, 
the 'initial number of infected mosquitos' slider, the 'Set Up' button and the 'Go' button./AA. S5: Looking at variable controls; the 'Go' button, the 'Set 
Up' button and the 'initial number of healthy mosquitos' slider. 
SENTENTIAL ABDUCTIVE REASONING MOVES 
A. S6: "Infect a human."/B. S6: "Set up."/D. S6: "Go."/H. S6: "You can click the number of...infected humans."/I. S5: "Hang on I didn't set it up."/M. S6: 
"Yeah, increase it all."/P. S5: "Awww, I see what we've gotta do."; S6: "Oooh. Oh ow, infected mosquitos is higher than healthy mosquitos. Oh my 
God."/W. S5: "So far we've tried like, from, having low numbers of infected mosquitos with, like, um, high numbers of healthy. As well as high 
numbers of healthy humans and a low number of infected."/BB. S5: "So, like in this example we've act... I'll put, put it back up to what we had." 
 
 
Figure 4-5 The timeline for 'looking at controls' for video segment 1 of episode 1 
B 
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1. Student    5. Halt image 
2. Re-ordering & changing relationships 6. Checking controls (variables) 
3. Generation of image   7. Verbal instruction 
4. Transformation of image  8. Verbal comment on existing 
 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
A. S5 & S6: Looking at variable controls; the 'Set Up' button, the 'initial number of healthy humans' slider, the 'initial number of healthy mosquitos' 
slider, the 'initial number of infected humans' slider, the 'initial number of infected mosquitos' slider, the 'initial number of infected mosquitos' 
slider again, the 'initial number of healthy humans' slider again, the 'Set Up' button again and the 'Go' button again./E. S5 & S6: Looking at variable 
controls: the 'Go' button, the 'Set Up' button, the 'initial number of healthy humans' slider, the 'Set Up' button again and the 'Go' button again./I. S5 
& S6: Looking at variable controls; the 'Go' button, the 'Set Up' button, the 'initial number of infected humans' slider, the 'Set Up' button again and 
the 'Go' button again./M. S5 & S6: Looking at variable controls; the 'Go' button, the 'Set Up' button, the 'initial number of healthy humans' slider, 
the 'initial number of healthy mosquitos' slider, the 'Set Up' button again and the 'Go' button again./O. S5 & S6: Looking at variable controls; the 
'Set Up' button and the 'Go' button. 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
A. S6: "What if you like, make that zero, make that zero, make that high, make that high? Both to max, and put max. Put that to zero.; S5: "Yeah, but 
that means we've got not...Hang on, we'll only put it to like 50."/C. S6: "Now go, go."/F. S6: "Then put healthy humans to zero."/G. S5: "That is 
healthy human."/K. S6: "Put infected humans max."/O. S6: "Do it." 
 
Figure 4-6 The timeline for 'looking at controls' for video segment 2 of episode 1 
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S6, who was not in direct control of the model, wanted to include infected humans in 
the initial population. Although it was S5 who decreased the initial number of 
infected humans such that some remained in the initial population, this verbalisation 
indicates that S6 wanted to be involved in the running of the model.  
MR1: S6 also said, “Set up” (B in Figure 4-5), as S5 was pressing the Set Up’ button 
 and they were looking at this control (B in Figure 4-5). 
 He was verbally affirming this manipulation of the controls. 
MR1: S6 then instructed S5 to start running the model when they said, “Go” (D in 
 Figure 30), after which S6 started running the model. Again looking at the 
 control (C in Figure 4-5). 
MR2: Similarly, S6 said to S5, while looking at the relevant control (G in Figure 4-
 5), “You can click the number of…infected humans” (H in Figure 4-5), to 
 indicate to S5 that not only could the initial number of infected humans be 
 increased but that this should indeed be done. And this is precisely what S5 
 did (H in Figure 4-5). 
In both cases S6 was able to indirectly determine the running of the model and so 
was intimately involved in the abductive reasoning. The students’ observations were 
directly linked to their changing of the variables; without looking at the controls S5 
could not make any changes and S6 could not execute indirect control via 
verbalisations. S6 continued participating, indirectly, in the abductive reasoning via 
verbal affirmations and instructions during the next few model runs.  
MR3: Just before S5 changed the variables for MR3, S6 commented, “Yeah, 
 increase it all” (M in Figure 4-5), while they looked at this control (L in 
 Figure  31). 
While S5 did not increase the initial number of infected mosquitos to the maximum, 
he nonetheless increased the frequency of these agents. S5 and S6 were in agreement 
as to what changes should be made to the variables to productively explore the 
mystery. 
 198 
MR5: While S5 was making the changes to the variables, S6 remarked, “Awww. Oh 
ow, infected mosquitos is higher than healthy mosquitos. Oh my God” (P in 
Figure 4-5). Again they were looking at this control (P in Figure 4-5). 
S6 was endorsing S5’s manipulations of the model by suggesting that it would lead 
to interesting results in support of their idea that infected humans should dominate a 
malarial environment. In both cases, the students’ observations of the controls 
enabled manipulations and verbalisations that made possible their shared control of 
the model. 
During MRD-1, the students’ observations of the controls served a different, 
but equally important, purpose; the students looked at the controls as a means of 
directing attention, both their own and that of the DM, to the relevant controls.  
MRD-1: While looking at the controls (U in Figure 4-5), S5 remarked, “So far we've 
tried like, from, having low numbers of infected mosquitos with, like, um, 
high numbers of healthy. As well as high numbers of healthy humans and a 
low number of infected” (W in Figure 4-5).  
The students were explaining to the DM the setting of the variables they had already 
used in their investigation and in so doing set out the narrative of the mystery, after 
which they could share their solutions. The controls were more than just a means to 
manipulate the model; they also provided a visual reference point for the students in 
regards to the key trends and key anomalies. The controls represented the mystery; 
they were a constant reminder not only of the parameters of the model, but also the 
different agents and their interactions. 
However only verbally referring to the variables did not enable the students to 
adequately explain their exploration of the mystery to the DM.  
MRD-1: Once prompted by the DM to show what they had done (more on this 
elsewhere), the students then proceeded to change the variables. But before 
they did so, S5 said, “So, like in this example we've actually. I'll put, put it 
back up to what we had” (BB in Figure 4-5). During which the students 
looked at the relevant controls (X in Figure 4-5).  
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Instead of saying what variables they had used, the students verbally indicated that 
they would change the variables. The students could more effectively share the 
mystery and their possible solutions with the DM by executing these manipulative 
abductive reasoning moves, as opposed to relying only on sentential abductive 
reasoning moves. Doing and showing were more effective than describing. 
During the next few runs of the model, S6 verbally instructed S5 to make 
changes to the variables so that the frequencies of infected humans and infected 
mosquitos were maximised and the frequencies of healthy humans and healthy 
mosquitos were minimised. He had to do so repeatedly because while S5 changed the 
variables in line with his first suggestion, he did not implement them precisely which 
resulted in the reoccurrence of the key anomalies.  
MR6: S5 said to S6, “What if you like, make that zero, make that zero, make 
 that high, make that high. Both to max, and put max. Put that to zero” (A in 
 Figure 4-6). He also instructed S5 to start running the model by saying, “Go, 
 go” (C in Figure 4-6). Again the students had to look at the controls (A in 
 Figure 4-6) in order to do so. 
MR7: S6 then instructed S5 to, “Then put healthy humans to zero,” (F in Figure 4-
 6) while they looked at this control (E in Figure 4-6).  
MR8: S6 then requested S5 to, “Put infected humans max,” (K in Figure 4-6). 
 With these controls again the visual focus (I in Figure 4-6). 
On each of these occasions S6 indirectly determined the changes to the variables by 
directly determining S5’s manipulations of the model. The sentential abductive 
reasoning moves directly led to the manipulative abductive reasoning moves and 
both were made possible by the visual abductive reasoning moves. 
 The observation of controls and the verbal instructions that it enabled, even 
allowed S6 to be a part of the most intuitive and speculative hypothesising enacted 
when S5 manipulated the model. 
MR9: Just before S5 set all the frequencies for the agents to the maximum, S6 
commented, “Do it,” (O in Figure 4-6) while they looked at these controls (M 
in Figure 4-6).   
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S6 was supporting S5 in going ahead with this radical changing of the variables that 
was not in line with their previous abductive reasoning and which they had not 
discussed. S6 only became aware of S5’s intentions to change the variables in this 
way as S5 made these changes; the manipulative abductive reasoning moves 
preceded the sentential abductive reasoning moves. Only by looking at these controls 
could S6 realise, and share, S5’s hypothesising. And S5 could only make these 
changes by looking at the same controls. The students’ observations once again 
underpinned their reasoning.  
The students’ manipulations of the model were not simply ‘button pushing.’ 
When they changed the variables they nearly always looked at the controls. The 
physical (i.e. moving the computer mouse) and virtual (i.e. adjusting controls on 
screen) manipulations were nearly always paired with the visual processing of these 
same controls. However the observations of the controls also acted as a visual 
reference point that anchored the students’ narrative of the mystery to the model. 
Additionally these manipulative and visual abductive reasoning moves were often 
accompanied by particular verbalisations, which enabled both students to co-execute 
the abductive reasoning. The students’ manipulations, observations and 
verbalisations formed a multimodal package that defined their abductive reasoning, 
and these moves were distributed between the students, DM and model. 
4.2.5 Physically and virtually pointing 
Pointing, using either the computer cursor or finger/pen, to what takes place on 
screen leads to a variety of related manipulations, observations and verbalisations 
Figure 4-7 and Figure 4-8 are the timelines showing the patterns of abductive 
reasoning moves, highlighted by the arrows and boxes, for the ‘physically and 
virtually pointing’ principle. They demonstrate that S5 and S6 used the computer 
cursor and their fingers/pens to draw attention to relevant information on screen as 
the controls were adjusted and the model was run. This also enabled both students as 
well as the DM to be included in the abductive reasoning. This physical pointing and 
virtual pointing led to particular changes to the variables and specific observations 
and verbalisations. In particular, students noticing anomalies, trends and non-trend 
data, exploring the meaning of different data output and changing the variables, as 
well as verbalising these processes.  
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1. Student       10. Checking generic meaning of output 
2. Re-ordering & changing relationships   11. Checking relationships between data in output (non-trends) 
3. Generation of image     12. Checking relationships between data in output (trends) 
4. Transformation of image     13. Verbal instruction 
5. Halt image      14. Verbal comment on existing 
6. Use cursor to draw attention to relevant feature of image 15. Verbalisation of noticing absence of particular object 
7. Checking controls (variables)    16. Verbalisation of noticing particular object achieve given task 
8. Noticing absence of particular object   17. Verbalisation of relationships between data in output (non-trends) 
9. Noticing particular object achieve given task  18. Verbalisation of relationships between data in output (trends) 
MANIPULATIVE ABDUCTIVE REASONING MOVES 
C. S5: Points to the 'infected humans,' ‘infected mosquitos, 'healthy humans' and ‘healthy mosquitos’ in the world./E. S5: Points to the 'natural' and 
the 'malarial' keys on the 'Human deaths' graph./ /X. S5: Points to the 'initial number of infected mosquitos' slider.; Points to the 'initial number of 
healthy mosquitos' slider.; Points to the 'initial number of healthy humans' slider.; Points to the 'initial number of infected humans' slider./Y. S5: 
Points to the 'initial number of infected mosquitos' slider./CC. S5: Points to the 'malarial' key on the 'Human deaths' graph.; Traces the descending 
trajectory of the 'natural' line on the 'Human deaths' graph.; Points to the 'total' line on the 'Human deaths' graph.; Traces the descending trajectory 
of the 'total' line and the 'malarial' line on the 'Human deaths' graph./DD. S5: Traces the descending trajectory of the 'mosquitos' line on the 
'parasites' graph. 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
SENTENTIAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
 
 
 
Figure 4-7 The timeline for 'physically and virtually pointing' for video segment 1 of episode 1 
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
B. S6: Points to the 'initial number of healthy humans' slider.; Points to the 'initial number of healthy mosquitos' slider.; Points to the 'initial 
number of infected humans' slider.; Points to the 'initial number of infected mosquitos' slider./D. S6: Points to the 'initial number of infected 
mosquitos' slider./E. S6: Points to the 'initial number of healthy humans' slider./H. S6: Points to the 'initial number of healthy humans' slider./ 
Q. S6: Points to the 'initial number of infected humans' slider. 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
 
 
1. Student        9. Noticing absence of particular object       
2. Re-ordering & changing relationships    10. Noticing particular object achieve given task   
3. Generation of image      11. Checking relationships between data in output (trends)    
4. Transformation of image      12. Verbal instruction    
5. Halt image       13. Verbal comment on existing      
6. Use cursor to draw attention to relevant feature of image  14. Verbalisation of noticing absence of particular object 
7. Use finger/pen to draw attention to relevant feature of image 15. Verbalisation of noticing particular object achieve given task 
8. Checking controls (variables)     16. Verbalisation of relationships between data in output (trends) 
Figure 4-8 The timeline for 'physically and virtually' pointing for video segment 2 of episode 1 
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The students’ physical and virtual pointing co-existed to form a dual front of student 
action executed through these different modes. Reflecting the multimodal and 
distributed nature of the abductive reasoning, these manipulations were executed by 
the students, DM and model and were always packaged with related visual and 
sentential abductive reasoning moves as evident in the model runs. 
MR1: Before the model was started, S5 virtually pointed to the healthy humans, 
infected humans, healthy mosquitos and infected mosquitos in the world (C 
and B in Figure 4-7) and commented on the human’s plight (C in Figure 4-7). 
This pointing focused their visual attention on these agents as the key characters of 
the mystery. 
MR1: When the model was running, S5 virtually pointed to the ‘natural’ and the 
‘malarial’ keys accompanying the ‘Human deaths’ graph (E in Figure 4-7) and 
S6 commented on the absence of infected humans (F and E in Figure 4-7). 
This pointing drew attention to these aspects of the graph that led to the students 
noticing and verbalising the key trends. It informed the students’ noticing of the 
trend and non-trend data. The visual and manipulative abductive reasoning moves 
co-occurred, both of which led to particular sentential abductive reasoning moves. 
The next time the students made use of pointing was not until the DM joined them. 
MRD-1: While S5 verbally explained to the DM their specific settings for the 
 variables (W in Figure 4-7), he also pointed to these variables on screen (X 
 and U in Figure 4-7).  
Verbal descriptions were not sufficient for sharing the mystery and their proposed 
solutions with the DM. The verbalisations had to be visually anchored to the 
variables on screen, which was achieved by virtual pointing. The result was a 
manipulative-visual-sentential triad of abductive reasoning moves. 
 However the students were not successful in using these abductive reasoning 
moves to include the DM in the reasoning process.  
MR-D1: The DM soon instructed the students to show their changes to the variables 
instead of verbally describing these changes. S5 virtually pointed to the 
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‘initial number of infected mosquitos’ slider (Y and X in Figure 4-7) as he 
began to describe what they did (BB in Figure 4-7).  
The students were trying to describe their interactions with the model by pointing, 
but this was ineffective. 
MRD-1: The students thus changed the variables and ran the model. S5 virtually 
pointed to the ‘malarial’ key on the ‘Human deaths’ graph and then virtually 
traced the descending trajectory of the healthy human deaths on the ‘Human 
deaths’ graph (CC in Figure 4-7). He then virtually pointed to the total human 
deaths on the ‘Human deaths’ graph and virtually traced the 
 descending trajectory of the total human deaths and the malaria-induced 
 humans deaths on the ‘Human deaths’ graph (CC and Y in Figure 4-7). 
Finally he virtually traced the descending trajectory of the parasites in 
mosquitos on the ‘Parasites’ graph (DD and Y in Figure 4-7). All the while 
S5 was providing a commentary (DD and EE in Figure 4-7). 
This virtual pointing and tracing enabled the students to highlight, and thus share, the 
trends, including key trends, which were central to their investigation of the mystery. 
The students’ understandings of these trends were embodied in their virtual actions, 
which enabled them to establish both new understandings and to communicate prior 
understandings. The abductive reasoning was not only multimodal and distributed, 
but also embodied as it involved both the mind and the body of the students. But 
more than this, the pointing allowed the students to re-enact their struggles with the 
mystery and in so doing expand the distributed system to include the DM.  
During the next few model runs, S6 physically pointed to the model in order 
to become more directly involved in its manipulation and the execution of abductive 
reasoning.  
MR6: See B, D, E, A and A in Figure 4-8. 
MR7: See H, G and F in Figure 4-8. 
MR8: See Q, I, K, L and M in Figure 4-8.  
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S6’s verbalisations were meaningless unless he made direct reference to the 
variables that needed changing, which he did through this physical pointing. Again 
manipulative and visual abductive reasoning moves combined were more powerful 
than each on their own. Meanwhile S5 continued embodying the key anomalies 
through his virtual tracing. 
By pairing his physical pointing with particular verbalisations and 
observations, S6 was able to work with S5 to establish joint control of the model. 
And through his virtual pointing and tracing, S5 more fully included S6 and the DM 
in the abductive reasoning and embodied this reasoning process. The abductive 
reasoning emerging from the distributed system and was not only multimodal but 
also embodied. 
4.2.6 Verbal hypothesising 
Verbal articulation of ideas relating to previous and proceeding manipulations and 
observations of the model and is a continuation of the abductive reasoning chain 
Now to the ‘verbalising hypothesising’ principle, the timelines of which are shown in 
Figure 4-9 and Figure 4-10. It is evident that S5 and S6 sometimes verbally 
hypothesised. The arrows and boxes in the timelines make clear the pattern of 
abductive reasoning moves. This verbal hypothesising occurred while the students 
were looking at the variables or the model as a visual prompt. They followed 
sequences of the students changing the variables, observing the outcomes, and 
pointing and tracing (both physically and virtually) the controls and data. 
 The verbal hypothesising directly followed the students’ prior visual and 
manipulative abductive reasoning moves; it continued the chain of abductive 
reasoning. Often these verbalisations were the formal manifestation, as explicit 
propositions, of the students’ preceding manipulations and observations of the 
model. The students’ abductive reasoning was moving towards the more formal end 
of the reasoning spectrum. On some occasions the verbal hypothesising added 
something new to what had already been observed and enacted. Thus verbal 
hypothesising, seemingly pure in its sentential nature, emerged from the multimodal 
ecology of the abductive reasoning system and continued this chain of abductive 
reasoning. This becomes clearer with an examination of the different model runs. 
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1. Student       8. Checking control (variable)      
2. Re-ordering & changing relationships   9. Noticing absence of particular object 
3. Generation of image     10. Noticing particular object achieve given task 
4. Transformation of image     11. Checking generic meaning of output 
5. Halt image      12. Checking relationships between data in output (non-trends) 
6. Use cursor to draw attention to relevant feature of image 13. Checking relationships between data in output (trends) 
7. Looking at information     14. Verbalisation of hypothesis 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
W. S5: Looking at world, graphs and variable controls; specific graphs and variable controls indeterminate (model in general). 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
X. S5: "And it looks like the infected just get outrun by the healthy. If that's how you put it. So basically the infect...it takes no time at all for 
the infected to just to, um, become..."/CC. S6: "Wait, infected goes in no time." 
 
 
 
1.1.1.1 Figure 50. The timeline for ‘verbalising hypotheses’ for video segment 1 of episode 1 
 
Figure 4-9 The timeline for 'verbal hypothesising' for video segment 1 of episode 1 
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MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
H. S6: "Come on it has to be." 
 
1.1.1.2 Figure 51. The timeline for ‘verbalising hypotheses’ for video segment 2 of episode 1 
 
1. Student       7. Using finger/pen to draw attention to relevant feature of image 
2. Re-ordering & changing relationships   8. Checking control (variable)    
3. Generation of image     9. Noticing absence of particular object      
4. Transformation of image     10. Noticing particular object achieve given task      
5. Halt image      11. Checking relationships between data in output (trends)      
6. Use cursor to draw attention to relevant feature of image 12. Verbalisation of hypothesis 
1. Student       7. Using finger/pen to draw attention to relevant feature of image 
2. Re-ordering & changing relationships    8. Checking control (variable)    
3. Generation of image      9. Noticing absence of particular object      
4. Transformation of image     10. Noticing particular object achieve given task      
5. Halt image       11. Checking relationships between data in output (trends)     
6. Use cursor to draw attention to relevant feature of image 12. Verbalisation of hypothesis 
Figure 4-10 The timeline for 'verbal hypothesising' for video segment 2 of episode 1 
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MRD-1: When the DM asked the students to share their findings and explanations, 
S5 explained, “And it looks like the infected just get outrun by the healthy. If 
that's how you put it. So basically the infect...it takes no time at all for the 
infected to just to, um, become...” (X in Figure 4-9). The students were 
looking at the controls and data output (U and W in Figure 4-9).   
While the DM did not explicitly require a verbal report, the students seemed 
compelled to provide one. S5 hypothesised that healthy humans rapidly outnumbered 
infected humans because infected humans died out quickly. The prospering of 
healthy humans caused infected humans to die off.  
The verbal hypothesising was a formal extension of the students’ 
manipulations and observations of the model. But it did not capture the full meaning 
of the students’ ideas, which was evident when S5 remarked, “if that’s how you put 
it,” suggesting that the verbal hypothesising did not accurately reflect what they did 
and observed. Thus the students struggled to formalise their ideas in a verbal form, 
despite confidently manipulating and observing the model to generate solutions to 
the mystery. This was also evident in the way the students looked at the controls and 
data output as a visual reference for their verbalisation. They were acutely aware that 
their ideas were embedded in the model. The students were not ready to explicitly 
articulate in a verbal, and thus formal, way their explanations of the mystery. Rather 
their ideas were half thoughts, intuitive claims, which were manifest as the 
hypothesising distributed between themselves, the DM and model as they 
manipulated and observed the model. The students’ ideas did not reside in the heads 
of the students as complete hypotheses ready to be verbalised in a propositional form 
at any time. Rather the abductive reasoning was primarily informal in nature and 
emerged from their interactions with the DM and model as manipulations and 
observations. The verbal hypothesising was an extension, not end point, of this 
process. The DM soon recognised this state of the students’ understandings and so 
instead asked the students to show their discoveries using the model. 
 These students also articulated a slightly different type of idea through verbal 
hypothesising, but again looked at the controls. 
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MRD-1: While they were showing the mystery and their proposed solution to the 
 DM, S6 commented before running the model; “Wait, infected goes in no 
 time” (CC and X in Figure 4-9). 
MR7: And S6 predicted, “Come on it has to be” (H and E in Figure 4-10) just 
 after instructing S5 to drastically reduce the initial frequency of healthy 
 humans.  
S6 was predicting, based on their repeated observations of the key trends and key 
anomalies, that infected humans would die out and that reducing the initial frequency 
of healthy humans to zero would resolve the anomalies. They were correct in the first 
instance, but not in the second instance. 
 This verbal hypothesising was different from the previous verbalisations 
because they predicted what the model would do as opposed to constituting a 
possible explanation for what had transpired. But these sentential abductive 
reasoning moves were still directly informed by the students’ previous observations 
and manipulations of the model, as evidenced by their looking at the relevant 
controls when making these verbalisations. The verbal hypothesising was again 
rooted in the model; it was the formal extension of a long chain of manipulative and 
visual abductive reasoning. But these sentential abductive reasoning moves were 
more generative than the previous verbal hypothesising because they predicted and 
partially determined what the students would do and see. 
What appears to be straightforward verbal hypothesising was in fact 
multimodal bundles consisting of students’ manipulative, visual and sentential 
abductive reasoning moves. Verbal hypothesising was a continuation of this process, 
not an end product. These verbalisations, just like the manipulations and 
observations they reflected, extended and sometimes determined, emerged from the 
students’ interactions with the DM and model. Often this verbal hypothesising was 
an attempt by the students to formally articulate their half thoughts, which were still 
deeply embedded in their manipulations and observations of the model. Resulting in 
verbal propositions that did not accurately reflect their ideas as manifested in their 
manipulative and visual abductive reasoning moves. But as predictions, this verbal 
hypothesising was more generative of new ideas as it influenced the students’ 
manipulations and observations of the model. 
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4.2.7 Textual and pictorial hypothesising 
Verbal hypothesising is often accompanied by writing and photographing ideas as a 
further continuation of the formalisation of the chain of abductive reasoning 
Another principle concerning S5’s and S6’s formalising of their ideas is ‘textual and 
pictorial hypothesising.’ Figure 4-11 (it did not occur in video segment 2) shows the 
pattern of abductive reasoning moves, evident in the arrows and boxes, which define 
this principle. Figure 4-12 shows the students’ text. This timeline demonstrates that 
the students’ verbal hypothesising was sometimes followed or accompanied by 
textual hypothesising. This textualisation constituted inscription in text form, which 
involved the students using the iPad to continue their hypothesising in text. This 
textual hypothesising was a further extension of the abductive reasoning chain that 
included the students’ manipulations and observations of the model as well as their 
verbalisations. A look at the different model runs makes this evident. 
 This textual hypothesising was another way for the students to formalise their 
ideas, extending the chain of abductive reasoning beyond verbalisations to an even 
more abstract and explicit form. They were the beginnings of a coherent causal 
narrative of the mystery that more formally linked ideas with evidence. The iPad was 
an inscription device that fixed the students’ manipulative and visual abductive 
reasoning moves. While their ideas were thus made mobile and less mutable (to 
borrow Latour’s (1986) terminology), the hypothesising need not have ended here. 
The text did not constitute an end product of the process, but rather a continuation of 
the process. However in most cases the students were not ready to fix their ideas in 
this way, and often did so because reminded by the DM to do so for future reference 
and task completion. Therefore these textualisations were not generative of new 
ideas, but nonetheless formed an important sentential component of the abductive 
reasoning system. In addition, this textual hypothesising extended the system to 
include the iPad. 
 The students first used the iPad as an inscription device someway into their 
investigation and it continued for a number of model runs.  
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MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
V. S6: Looking at iPad; images and text./Z. S6: Looking at iPad; images and text. 
 
R 
1.1.1.3 Figure 50. The timeline for ‘fixing hypotheses in text and image’ for video 
segment 2 of episode 1 
 
1. Student       11. Noticing particular object achieve given task 
2. Re-ordering & changing relationships   12. Checking generic meaning of output 
3. Generation of image     13. Checking relationships between data in output (non-trends) 
4. Transformation of image     14. Checking relationships between data in output (trends) 
5. Halt image      15. Verbalisation of hypothesis 
6. Use cursor to draw attention to relevant feature of image 16. Textualisation of hypothesis 
7. Inspection of image     17. Verbalisation of noticing absence of particular object 
8. Looking at information     18. Textualisation of noticing absence of particular object 
9. Checking control (variable)    19. Verbalisation of noticing particular object achieve given task 
10. Noticing absence of particular object   20. Textualisation of noticing particular object achieve given task 
Figure 4-11 The timeline for ‘textual and pictorial hypothesising’ for video segment 1 of episode 1 
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SENTENTIAL ABDUCTIVE REASONING MOVES 
U. S6: Writing on iPad; "Human and parasites. No matter what happens, parasites eventually die off. If there is an initial infection but nothing 
to keep it going, the infection dies away." (See figure for details)./V. S6: Writing on iPad; "Human and parasites. No matter what happens, 
parasites eventually die off. If there is an initial infection but nothing to keep it going, the infection dies away." (See figure for details)./Y. S6: 
Writing on iPad; "Human and parasites. No matter what happens, parasites eventually die off. If there is an initial infection but nothing to keep 
it going, the infection dies away." (See figure for details)./Z. S6: Writing on iPad; "Human and parasites. No matter what happens, parasites 
eventually die off. If there is an initial infection but nothing to keep it going, the infection dies away." (See figure for details)./AA. S6: Writing 
on iPad; "Human and parasites. No matter what happens, parasites eventually die off. If there is an initial infection but nothing to keep it going, 
the infection dies away." (See figure for details)./FF. S6: Writing on iPad; "Human and parasites. No matter what happens, parasites eventually 
die off. If there is an initial infection but nothing to keep it going, the infection dies away." (See figure for details)./GG. S6: Writing on iPad; 
"Human and parasites. No matter what happens, parasites eventually die off. If there is an initial infection but nothing to keep it going, the 
infection dies away." (See figure for details)./HH. S6: Writing on iPad; "Human and parasites. No matter what happens, parasites eventually die 
off. If there is an initial infection but nothing to keep it going, the infection dies away." (See figure for details). 
 213 
MR4: Just after they noticed the two key anomalies and S5 exclaimed, “No?! 
 Are you serious?! You gotta record this. I don’t even know what to record to 
say that…” S6 started to record these anomalies in textual form. (U and V in 
Figure 4-11 and Figure 4-12). 
At this stage the students were recording those parts of the statement relating to the 
presence of humans and parasites and their dying out. 
 
 
 
 
 
 
 
 
MRD-1: While S5 was verbally hypothesising to the DM, “And it looks like the 
infected just get outrun by the healthy. If that’s how you put it (X in Figure 4-
11). So basically the infect...it takes no time at all for the infected to just to, 
um, become...”, S6 began inscribing these ideas on the iPad (Y, Z and AA in 
Figure 4-12).  
The hypothetical text is evident as, “no matter what happens, parasites eventually die 
off,” meaning no matter the setting of the variables that infected humans and malaria, 
parasites died off. Also the reference to, “if there is an initial infection but nothing to 
keep it going, the infection dies away.” The students were proposing that the 
variables could not be set to eliminate the two key anomalies. 
MR5: S6 completed this textual hypothesising (FF, GG, HH in Figure 4-11).  
The students were re-describing and abstracting their explanatory argument that was 
embedded in their manipulations and observations of the model. They were trying to 
extend their abductive reasoning beyond their direct interactions with the model, and 
Figure 4-12 The students' text 
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indeed beyond their verbal hypothesising, by fixing their ideas in a more formal 
sentential form. This text could be shared with other students and made their ideas 
less mutable. S6 was also empowered by these sentential abductive reasoning moves 
as he directly determined what was inscribed.  
However the students, as with their verbal hypothesising, were unsure how to 
go about this textualisation, which resulted in tentative abstractions. S5 stating, “I 
don’t even know what to record to say that…” while S6 struggled to inscribe their 
experiences in text. The transition from manipulating and observing the model to 
formalising these findings in text was challenging. The students were struggling at 
the more formal end of the abductive reasoning spectrum. Their proposed solutions 
were not discrete hypotheses contained in the students’ heads ready to be written 
down on demand. Rather the students’ explanatory argument, and the broader 
abductive reasoning process, was distributed between the students, DM, model and 
now iPad. At this stage the students were not yet ready to fix their ideas in a formal, 
and highly abstracted, form.  
4.2.8 Asking questions 
The asking of questions provides impetus for manipulations and observations of the 
model and associated verbalisations 
‘Asking questions’ was another principle to emerge from the analysis. The pattern of 
abductive reasoning moves is shown in the timeline displayed in Figure 4-13 (did not 
occur in video segment 2). The arrows and boxes linking the model runs 
demonstrated that S5 and S6 sometimes posed questions, but less frequently than 
expected considering the confusing nature of the anomalies and the students’ 
struggle to solve the mystery. Rather than asking questions, the students sought to 
resolve their confusion by manipulating and observing the model. But the questions 
did serve an important purpose because they supported the students’ visual and 
manipulative abductive reasoning moves. In some cases directly determining what 
the students did and observed. These questions were yet another reflection of the 
multimodal and distributed nature of the reasoning process. 
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Figure 4-13 The timeline for 'asking questions' for video segment 1 of episode 1 
 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
E. S5: "How do we read these charts?"/K. S6: "What?" 
 
 
1. Student     6. Use cursor to draw attention to relevant feature of image 
2. Re-ordering & changing relationships 7. Noticing absence of particular object 
3. Generation of image   8. Checking generic meaning of output 
4. Transformation of image   9. Verbal question about generic meaning of output 
5. Halt image    10. Verbal question about anomaly 
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MR1: S5 asked a question concerning the interpretation of the graphical output; 
“How do we read these charts?” (E in Figure 4-13), while looking at this data 
(D in Figure 4-13).  
The students realised that in order to interact with the model to explore the 
epidemiology of malaria and its function as a selection pressure on the hbb gene, 
they needed to interpret the graphical output. S5 did not expect a response, but rather 
used the question to highlight the parts of the model they needed to understand for 
their investigation. They needed to manipulate and observe this graphical data. 
Neither student provided an explicit verbal response, but rather they changed the 
variables and observed the graphs. The students’ manipulative and visual abductive 
reasoning moves, as well as the DM’s guidance, provided the answer. This question 
was valuable because it focused the students’ attention on particular trends in the 
graphs, which directly determined their noticing of the key anomalies that created the 
confusion that necessitated abductive reasoning. 
MR2: When S5 first verbalised key anomaly 1 (J in Figure 4-1, S6 responded, 
“What?” (K in Figure 4-13).  
At this stage only S5 fully understood the precise nature of the anomaly. While 
neither student explicitly answered this question, S6 worked with S5 to manipulate 
and observe the model and in so doing came to fully appreciate the meaning of the 
anomaly. Once again the importance of this question was not whether it was 
answered, but rather the way this sentential abductive reasoning move focused the 
students’ manipulative and visual abductive reasoning, which also resolved the 
question.  
The questions posed by S5 and S6 did not simply reflect their manipulations 
and observations of the model, they also directly informed these abductive reasoning 
moves. These questions held together the multimodal packages that defined the 
abductive reasoning, enabling the students to stay connected to each other, the DM 
and model. 
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4.2.9 Giving instructions 
The giving of verbal instructions is directed towards not only manipulating the model 
but also representing findings and further investigations 
As can be seen in Figure 4-14 (did not occur in video segment 2), S5 and S6 not only 
provided verbal instructions for changing the variables (‘looking at controls), but 
they also provided instructions for representing their findings and continuing their 
investigations. While sporadic, as shown by the arrows highlighting the flow 
between the different abductive reasoning moves, these verbalisations provided 
impetus for the abductive reasoning process and supported the execution of 
manipulative and visual abductive reasoning moves. They helped to hold together the 
multimodal and distributed abductive reasoning and were another way for the 
students to remain engaged in this process.  
 As reflected in ‘textual and pictorial hypothesising,’ it was difficult for the 
students to fix their ideas using the iPad because these ideas were embedded in their 
interactions with each other, the DM and model. Not surprisingly they verbally 
referred to the challenge and importance of extending the chain of abductive 
reasoning to textual hypothesising. 
MR4: S5, after observing the two key anomalies, exclaimed, “You gotta record 
 this. I don't even know what to record to say that...” (T in Figure 4- 14). 
S5 was instructing S6 to use the iPad as an inscription device, but did not know how 
to do so. This reflects not only the DM’s requirements for the students to record, but 
also suggests that the students highly valued inscription for constructing a coherent 
causal narrative of the mystery. Both the students and DM were compelled to explore 
the most formal part of the abductive reasoning spectrum. 
 Due to the persistence of the key anomalies and the associated confusion, the 
students similarly verbalised their intent to continue investigating in the hope of 
resolving the mystery. These verbalisations provided impetus to continue their 
abductive reasoning. 
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MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE MOVES 
T. S5: "You gotta record this. I don't even know what to record to say that..."/II. S5: "But... 
1. Student       7. Inspection of iPad 
2. Re-ordering & changing relationships   8. Checking control (variable) 
3. Generation of image     9. Noticing absence of particular object 
4. Transformation of image     10. Noticing particular object achieve given task 
5. Halt image      11. Verbalisation of intent to investigate 
6. Use cursor to draw attention relevant feature of image 12. Verbal instruction to represent 
Figure 4-14 The timeline for 'giving instructions' for video segment 1 of episode 1 
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MR5: As the students were changing the variables for another run of the model, 
which they did not complete due to the DMs intervention, S5 said, “But…” 
(II in Figure 4-14).  
This “But…” can be interpreted as: “but what happens if we change the variables in 
a different way?” It was more a suggestion than a direct instruction. They were 
determined to continue exploring the mystery despite their lack of success.  
These verbal instructions, unlike the verbal instructions of ‘looking at 
controls,’ did not produce or reflect specific manipulations and observations of the 
model. Rather they provided impetus for the students to continue their exploration of 
the mystery despite (or as this thesis suggests, because of) their confusion and to 
make their ideas less mutable and more mobile by formalising via inscription. These 
verbalisations clearly formed part of the multimodal packages that were distributed 
between the students, DM and model. They played an important role in linking, and 
providing insight for the researcher into, the different parts of this multimodal and 
distributed system. 
4.2.10 The demonstrator’s abductive reasoning moves 
The timeline in Figure 4-15 shows all of the DM’s abductive reasoning moves (did 
not occur in video segment 2) and she executed no sentential abductive reasoning 
moves at any time. The arrows and boxes highlight that the DM executed far fewer 
abductive reasoning moves than the students and the moves she did execute were in 
direct response to the students’ moves, often mirroring what S5 and S6 were doing, 
seeing and saying or modelling certain abductive reasoning moves for the students. 
In this way the DM not only supported and encouraged the students’ abductive 
reasoning, but she was also directly involved in the reasoning process. Her abductive 
reasoning, just like that of the students, was multimodal and emerged from her 
interactions with the students and model.  
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
a. D: Points to world, graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./b. D: Points to the 'Human 
deaths' graph; Points to the 'Parasites' graph; Traces the descending trajectory of the 'total' line, 'humans' line and 'mosquitos' line on the 'Parasites' 
graph. 
 
VISUAL ABDUCTIVE REASONING MOVES 
a. D: Looking at world, graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./b. D: Looking at world, 
graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./c. D: Looking at variable controls; the 'initial 
number of infected mosquitos' slider, the 'initial number of healthy mosquitos' slider, the 'initial number of healthy humans' slider, the 'initial number 
of infected humans' slider, the 'initial number of infected humans' slider again and the 'initial number of healthy humans' slider again./d. D: Looking at 
world, graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./e. D: Looking at variable controls; the 
'initial number of healthy mosquitos' slider, the 'initial number of healthy humans' slider, the 'initial number of infected mosquitos' slider, the 'Set Up' 
button and the 'Go' button./f. D: Looking at world and the 'Human deaths' graph; noticing the trend of a large number of 'healthy/natural humans' 
initially get infected and then there is a decreasing number of 'infected/malarial humans' over time.; Looking at the 'Human deaths' graph; noticing the 
trend of initially there is an increasing number of the 'total Human deaths' and an increasing number of the 'malarial Human deaths' over time but then 
there is a decreasing number of the 'total Human deaths' and a decreasing number of the 'malarial Human deaths' over time.; Looking at the 'Parasites' 
graph; noticing the trend of the number of 'total' parasites decreasing, the number of parasites in 'humans' decreasing and the number of parasites in 
'mosquitos' decreasing over time until it reaches 0./g. D: Looking at variable controls; the 'Go' button, the 'Set Up' button and the 'initial number of 
healthy humans' slider./h. D: Looking at world, graphs and variable controls; specific graphs and variable controls indeterminate (model in general). 
 
33. More knowledgeable other 
34. mko-Use finger/pen to draw attention to relevant feature of image 
35. mko-Looking at information 
36. mko-Checking control (variable) 
37. mko-Checking relationships between data in output (trends) 
 
Figure 4-15 The timeline for the 'DM's abductive reasoning moves' for video segment 1 of episode 1 
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 The DM sometimes fleetingly looked at the model as the students interacted 
with it.  
MR1: See a in Figure 4-15. 
MR2: See b in Figure 4-15. 
She was not interpreting the model, but rather checking that the students were on 
task. And also trying to ensure that she remained connected to this abductive 
reasoning system, while engaging with the other student pairs. 
 During her more intense interactions with the students, the DM mirrored their 
abductive reasoning moves. 
MRD-1: The DM’s visual abductive reasoning moves were the same as those of the students 
(c and d in Figure 4-15) when the students attempted to describe the mystery, but 
were instructed by the DM to show their discoveries, and when they verbally 
hypothesised. When the students ran the model, the DM again observed what the 
students observed (e and f in Figure 4-15).  
By sharing the students’ observations, the DM was likely to better understand their 
ideas. But more than this, by mirroring the students’ abductive reasoning moves, she 
was able to assert herself as a member of the group that was working to solve the 
mystery and in so doing become an integral component of the abductive reasoning 
system.  
But the DM also directly influenced the students’ abductive reasoning by 
modelling particular abductive reasoning moves and directing their reasoning. 
MRD-1: When the DM requested that the students run the model to show the 
mystery in action, she physically pointed to the model (a in Figure 4-15). 
She was showing the students what they needed to do. This directly influenced the 
students’ abductive reasoning as they then manipulated and observed the model to 
show their ideas.  
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MRD-1: The DM then physically pointed to the ‘Human deaths’ graph, then to the 
 ‘Parasites’ graph, and finally traced the descending trajectory of the total 
 parasites, parasites in humans and parasites in mosquitos on the ‘Parasites’ 
 graph (b and f in Figure 4-15).  
She was demonstrating the best way to interpret the relevant data output for the 
purposes of solving the mystery. The students were now more aware of the 
importance of focusing on the malaria parasite itself. S5 soon virtually traced the 
relevant trajectories on the suitable graphs. The DM’s manipulative and visual 
abductive reasoning moves determined the students’ abductive reasoning.  
 Once this shared exploration of the mystery was completed, the students 
recommenced their investigations. 
MR5: The DM looked at the same controls as the students (g in Figure 4-15) and 
again used the model as a visual reference point when directing them to a 
new task (h in Figure 4-15). 
The DM’s abductive reasoning moves, while limited, not only modelled appropriate 
abductive reasoning, but also enabled her to become a part of the system that 
executed this reasoning process. She was a part of the hypothesising. The DM’s 
abductive reasoning moves were not only multimodal, but also distributed across the 
system consisting of the students and model. Her abductive reasoning moves were 
intimately linked to what the students did, saw and said. 
4.2.11 The social framework 
Manipulating, observing and verbalising/textualising/pictorialising takes place as 
students and MKOs look at, talk to and act towards each other 
The social framework that made possible the students’ and DM’s abductive 
reasoning is shown in Figure 4-16 and Figure 4-17. These timelines display all the 
students’ and DM’s social moves, including: action-based, visual-based and 
proposition-based. The arrows and boxes show that over time, across different model 
runs, S5, S6 and the DM acted towards each other, looked at each other and spoke to 
one another in particular ways that enabled their exploration of the mystery.  
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SOCIAL MOVES OF STUDENTS 
A. S6 looking at S5./B. S6 looking at S5./C. S5 looking at D./D. S5 looking at D./E. S5: "Okay."/F. S5: "Yep."/G. S5: "Yep."/H. S5: "Yep." 
 
SOCIAL MOVES OF DM 
a. D: "Okay, so what's going on?"/b. D: Nods./c. D: "Mmmha."/d. D: Nods./e. D: "Yep."/f. D: Nods./g. D: "Mmmha."/h. D: Nods./i. D: "Okay."/j. D 
looking at S5./k. D: "Show me, show me."/l. D: "Okay."/m. D: "Yep."/n. D: "There are. Okay, so it spikes and then it decreases."/o. D: "Because, 
because what happens? Tell me what happens to, um, parasites?"/p. D: "They do, they die off."/q. D: "So we don't have any left."/r. D: 
"Okay?"/s. D: "So keep playing."/t. D: "So you guys are doing human and parasite?"/u. D: "Okay, so I have a question for you." 
 
1. Student   5. More knowledgeable other  11. mko-Redirect to new task 
2. Looking at peers  6. mko-Use body to acknowledge  12. mko-Eliciting 
3. Looking at demonstrator 7. mko-Looking at students  13. mko-Request for confirmation 
4. Verbal acknowledgement 8. mko-Verbal acknowledgement  14. mko-Question about trends in output 
    9. mko-Verbal affirmation  15. mko-Encouragement to abduce 
    10. mko-Revoicing 
      
Figure 4-16 The timeline for the 'social framework' for video segment 1 of episode 1 
MR5 MRD-1 
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SOCIAL MOVES OF STUDENTS 
A. S5: "Yep." 
 
SOCIAL MOVES OF DM 
a./ D: "Guys, guys?/"b. D: "Stop." 
 
 
1. Student   3. More knowledgeable other 
2. Verbal acknowledgement 4. mko-Redirect to new task 
Figure 4-17 The timeline for the 'social framework' for video segment 2 of episode 1 
A 
a b 
MR 6 MR7 MR8 MR9 
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However for this episode, the students’ interactions manifested as abductive 
reasoning moves as opposed to social moves, with all social moves involving the 
students and DM. These social moves were integral to the DM’s role as a supporter 
and encourager of the students’ abductive reasoning.  
The students, throughout their exploration of the mystery, often looked at 
each other. 
MR4: See A in Figure 4-16. 
MRD-1: See B in Figure 4-16. 
Or looked at the DM.  
MRD-1: See C and D in Figure 4-16. 
And the DM sometimes looked back at the students.  
MRD-1: See j in Figure 4-16.  
These looks enabled the students to: acknowledge the abductive reasoning moves of 
their partner, co-construct these abductive reasoning moves, check that the DM was 
following their explanations, elicit support from the DM and acknowledge the DM’s 
abductive reasoning moves. The DM looked at the students in order to support and 
encourage their abductive reasoning moves.  
 The students’ verbal acknowledgements and nods served a similar purpose.  
MRD-1: See E, F, G in Figure 4-17. 
MR5: See H in Figure 4-17. 
MR9: See A in Figure 4-17. 
As did the verbal acknowledgements and nods of the DM.  
MRD-1: See b, c, d, e, f, g, h, j in Figure 4-16. 
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These simple acts of looking and acknowledging united the students, and DM, 
together with the model, in the construction of the mystery and a shared experience 
of reasoning. The DM became an integral part of the abductive reasoning system as 
opposed to simply serving as an overseer of the students’ explanatory arguments. 
The DM utilised verbal affirmations in a similar way with regards to the increasing 
but then decreasing number of total human deaths and malaria-induced human deaths 
over time.  
 MRD-1: “There are. Okay, so it spikes and then it decreases,” (n in Figure  
  69). 
And with regard to the malaria parasite dying off: 
MRD-1: “They do, they die off” (p in Figure 4-16).  
The DM also revoiced the students’ response to a question. 
MRD-1: “So we don't have any left” (q in Figure 4-16).  
Not only was the malaria parasite dying off, but none remained in the population. 
This was a way for the DM to extend the students’ sentential abductive reasoning 
moves and encourage the students to do the same. She was working with the students 
to reshape the mystery by supporting and encouraging them to extend their repertoire 
of abductive reasoning moves. 
 The DM also made effective use of questions. 
MRD-1: “Okay, so what's going on?” (a in Figure 4-16).  
This eliciting question encouraged the students to share the mystery and their 
proposed solutions and was the first step by the DM to assert herself as a member of 
the abductive reasoning system. This simple open-ended question set in motion a 
sequence of abductive reasoning moves and social moves that provided further 
impetus for the students’ investigation.  
 She also posed questions concerning the trends.  
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MRD-1: “Because, because what happens? Tell me what happens to, um, parasites?” 
(o in Figure 4-16), while she physically pointed to and traced the important 
trends. 
The DM wanted the students to provide more information about the role of the 
malaria parasite in the mystery. In particular to extend their abductive reasoning, 
specifically observations, to include the decreasing number of parasites over time 
and the relationship of this trend to the way in which humans were initially infected 
with malaria but then rapidly died off with their rate of death then plateauing. 
The DM also executed some social moves that supported and encouraged the 
students to embrace the informal elements of abductive reasoning, in particular 
manipulating and observing the model, and to break free of formal reasoning.  
MRD-1: When S5 struggled to verbally hypothesise and share the mystery, the DM 
requested that the students use the model to show the mystery and  their 
suggested solutions; “Show me, show me” (K in Figure 4-16). She also 
requested confirmation from the students shortly after, “Okay?” (r in Figure 4-
16).  
She realised that the students were struggling to hypothesise in the sentential form. 
So she expertly directed them to instead use their manipulative and visual abductive 
reasoning moves to do so. To make sure the students understood her revoicing she 
requested their confirmation.  
 The DM then explicitly encouraged the students to continue executing this 
abductive reasoning, again emphasising its informal elements. 
MR5: “So keep playing” (s in Figure 4-16).  
She wanted the students to continue investigating the mystery and to do so via 
speculative hypothesising that involved interacting with the model. Play seemed to 
be the DM’s word for abductive reasoning, or more specifically for manipulating and 
observing the model in order to extend half-thoughts into the manipulative and visual 
domain. The students were empowered and liberated by the DM’s encouragement 
and continued to try to resolve their confusion, via abductive reasoning, despite the 
failure of their previous efforts. 
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 However soon after encouraging the students to continue playing, the DM 
redirected them to a new task.  
MR-5: “So you guys are doing human and parasite…Okay, so I have a question for 
you” (t and u in Figure 4-16).  
And did so again later on in their investigation. 
MR9: “Guys, guys?...Stop” (a and b in Figure 4-17).  
She was responding to the time constraints and the predetermined goals for the 
session and in so doing ended the students’ abductive reasoning. Therefore not only 
did the DM’s social moves support and encourage the students’ abductive reasoning, 
they also truncated this process. The DM and students were subject to the same 
limitations of all classrooms: finite time and the need to complete set tasks. 
 The social framework was essential for the establishment and functioning of 
the system that carried out the abductive reasoning. The social moves connected the 
students, DM, model and iPad. Without these social moves, the abductive reasoning 
would have been restricted to the students’ minds and likely non-distributed and 
unimodal in nature.  
4.3 Episode 2 – The mystery of the appearing allele 
Having explored episode 1 in detail and clearly defined the principles, I will explore 
the other two episodes to provide further evidence for these principles and paint a 
more nuanced picture of the students’ computer-mediated abductive reasoning. 
While the similarities between the episodes enable a more comprehensive account of 
the students’ abductive reasoning, it is the differences that provide fresh and 
interesting insights. Once again an overview of the reasoning process and social 
framework is first provided followed by a more detailed analysis. However the 
analysis is less detailed than for episode 1, and focuses on revealing examples. 
4.3.1 Overview 
The next mystery to be discussed is that of the appearing allele. The anomaly that 
defined this mystery was the ex nihilo (i.e. out of nothing) appearance of the S allele 
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in the human population, which the students tried to resolve via abductive reasoning. 
This episode involved S3 and S4 working with the DM on Computer 2 to explore 
why the S allele spontaneously appeared in Model 1. The students’ abductive 
reasoning again consisted of collaborating with each other and the DM to interact 
with the model, with the main data output graphs (‘Human deaths,’ and ‘allele 
numbers’) to interpret.  
The DM initially asked the students about their exploration of the model and 
they explained their observation of the impact of tuberculosis on the S allele. While 
the DM highlighted the many human deaths caused by tuberculosis, the students 
were more concerned with their inability to effectively run the model to explore the 
potential selection pressures. The DM and students then co-constructed an 
explanation for the impact of tuberculosis on the S allele, focusing on tuberculosis 
causing an increase in the number of human deaths over time and the S allele 
decreasing in frequency over time (trend 1). The DM was emphasising the 
importance of the relationship between trends in the number of human deaths and the 
frequency of S the allele, as evident in the ‘Human deaths’ graph and the ‘allele 
numbers’ graph. 
The DM and students then investigated the impact of malaria on humans. 
They established that malaria caused an increase in the number of human deaths and 
an increase in the frequency of the S allele over time (key trend 1). The DM then 
wanted the students to consider the importance of this finding for the S allele outside 
the context of the model. They were initially unsure, but soon suggested that sickle 
cell anaemia was deleterious and that without the appropriate selection pressure this 
condition would not persist in humans. The DM then explained that the frequency of 
the S allele over many generations would decrease unless the appropriate selection 
pressure (i.e. malaria) was present, which would increase the number of S alleles. 
The students partially understood this argument, but had yet to realise its 
significance. 
The students then explored the impact of high rainfall, high population 
density and warm climate on humans. On each occasion they observed the trends that 
the number of humans deaths increased due to the potential selection pressure, but 
the frequency of the S allele decreased over time (trend 2). They concluded that 
malaria was the only potential selection pressure for the S allele and suggested that 
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this allele must provide some resistance to malaria in its heterozygous form (i.e. 
individuals with a single copy of the S allele that do not have sickle cell anaemia). 
The students then adjusted the initial frequencies of the S allele and the A 
allele so that only A alleles were present at the start of the model run. They were 
confronted with a most surprising and confusing anomaly; the S allele appeared ex 
nihilo (key anomaly 1. They then observed another anomaly; the frequency of the S 
allele continuing to increase over time such that it rapidly constituted a significant 
proportion of the genetic make up of the population (key anomaly 2), while the 
frequency of the A allele decreased and the number of human deaths initially 
increased and then decreased. The students suggested that the appearance and 
dominance of the S allele was caused by spontaneous mutation and the selective 
pressure of malaria. They excitedly reported their discovery to the DM who was 
impressed by their argument and requested they make a record, which they did by 
taking a photo with the iPad and annotating this image.  
The students then adjusted, despite vehement disagreement, the initial 
frequencies of the S allele and the A allele so that now only S alleles were present at 
the start of the model run. Once again malaria was introduced as the selection 
pressure. Unfortunately they did not finish this exploration because the DM 
redirected them to a new task. 
S3 and S4 therefore successfully solved the mystery. They were able to 
provide an explanation, verbal in form but emerging for their manipulations and 
observations of the model, for the ex nihilo appearance of the S allele and its rapid 
increase in frequency in the malarial environment. The model also allowed the 
students to elaborate their hypothesising by exploring the alternative scenario; 
whether the A allele would spontaneously mutate and thrive in a malarial 
environment. But confirming that these students solved the mystery says nothing of 
how they interacted with each other, the DM and model to creatively hypothesise. 
For this, an exploration of the principles, as manifested in the timelines, is necessary. 
4.3.2 Noticing anomalies and checking trends 
Figure 4-18 and Figure 4-19, are the timelines displaying the pattern of abductive 
reasoning moves for both the ‘noticing anomalies’ and ‘checking trends’ principles.  
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
G. S3: Adjusts the 'speed' slider so set at 'normal speed'/C. S3: Presses the 'go' button to stop the model./E. S3: Presses the 'setup' button to 
populate world and apply variables./F. S3: Presses the 'go' button to start the model./G. S3: Repeatedly presses the 'Malaria' button./H. S3: 
Presses the 'go' button to stop the model. 
 
VISUAL ABDUCTIVE REASONING MOVES 
A. S3 & S4: Looking at the 'S allele' line on the 'allele numbers' graph; noticing the trend of the number of 'S alleles' decreasing over time.; 
Looking at the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph; noticing the trend of the number of 'Deaths 
related to potential selective pressure' increasing over time after tuberculosis is introduced./E. S3 & S4: Looking at the 'Deaths related to 
potential selective pressure' line on the 'Humans deaths' graph; noticing the trend of the number of 'Deaths related to potential selective 
pressure' increasing after tuberculosis is introduced.; Looking at the 'S allele' line on the 'allele numbers' graph; noticing the trend of the 
number of 'S alleles' decreasing over time.; Looking at the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph and 
the 'S allele' line on the 'allele numbers' graph; noticing the trend of the number of 'Deaths related to potential selective pressure' increasing 
over time and the number of 'S alleles' decreasing over time./H. S3 & S4: Looking at the 'Human deaths' graph and the 'allele numbers' graph; 
noticing the absence of data./  
1. Student    5. Halt image 
2. Re-ordering & changing relationships 6. Checking generic meaning of output 
3. Generation of image   7. Checking relationships between data in output (trends) 
4. Transformation of image  8. Verbalisation of relationships between data in output (trends) 
Figure 4-18 The timeline for 'noticing anomalies' and 'checking trends' for video segment 1 of episode 2 
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I. S3 & S4: Looking at the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph and the 'S allele' line on the 'allele 
numbers' graph; not noticing the trend that as malaria is introduced the number of 'Deaths related to potential selective pressure' increases 
over time and the number of S alleles increases over time.; Looking at the 'Deaths related to potential selective pressure' line on the 'Humans 
deaths' graph; noticing the trend of the number of 'Deaths related to potential selective pressure' increasing over time after malaria is 
introduced.; Looking at the 'S allele' line on the 'allele numbers' graph; noticing the trend of the number of S alleles increasing over time.; 
Looking at the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph and the 'S allele' line on the 'allele numbers' 
graph; noticing the trend that as the number of 'Deaths related to potential selective pressure' increases over time then the number of S 
alleles increases over time. 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
A. S4: "Ah, we're just watching the S allele."; S3: "Yeah."/E. S3: "Lots."; S4: "Lots."/F. S4: "Ah, it de...you can see here, this bit, there...it was a 
small..."; S3: "Dip."; S4: "Um."/G. S4: "Down."; S3: "Down."/H. S4: "No."; S3: "No."/L. S3: "Okay, now it's going up."/M. S3: "It's going up.; S4: 
"It's going up."; S3: "It's levelling out. It's levelling out."; S4: "It's levelling out."/N. S3: "Now, now it's climbing."/O. S4: "Yeah, but it's still 
climbing." 
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1.1.1.4 Figure 70. The timeline for ‘noticing anomalies’ and ‘checking trends’ for video segment 2 of episode 2 
 
1. Student      8. Checking generic meaning of output 
2. Re-ordering & changing relationships   9. Checking relationships between data in output (non-trends) 
3. Generation of image     10. Checking relationships between data in output (trends) 
4. Transformation of image    11. Verbalisation of noticing particular object achieve given task 
5. Halt image      12. Verbalisation noticing presence of particular object 
6. Noticing particular object achieve given task output 13. Verbalisation of generic meaning of output 
7. Noticing presence of particular object   14. Verbalisation of relationships between data in output (non-trends) 
       15. Verbalisation of relationships between data in output (trends) 
 MANIPULATIVE ABDUCTIVE REASONING MOVES 
A. S3: Presses the 'setup' button to populate world and apply variables./B. S3: Presses the 'go' button to stop the model./C. S3: Presses the 'setup' 
button to populate world and apply variables./D. S3: Presses the 'go' button to start the model./E. S3: Presses the 'High-population-density' 
button./F. S3: Adjusts the 'speed' slider so set at 'faster.'/G. S3: Presses the 'go' button to stop the model./I. S3: Presses the 'setup' button to 
populate world and apply variables./J. S3: Presses the 'go' button to start the model./K. S3: Repeatedly presses the 'Warm-climate' button./L. S3: 
Presses the 'go' button to stop the model./M. S4: Adjusts the 'S-bias/A-bias' slider so 'S/A bias' set at 0/100 (0% S alleles and 100% A alleles)./ 
 
Figure 4-19 The timeline for 'noticing anomalies' and 'checking trends' for video segment 2 of episode 2 
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N. S4: Presses the 'setup' button to populate world and apply variables./O. S4: Presses the 'go' button to start the model./P. S4: Presses the 
'Malaria' button twice in succession./W. S4: Presses the 'go' button to stop the model./Y. S3: Presses the 'go' button to start the model./Z. S3: 
Presses the 'go' button to stop the model./BB. S4: Presses the 'go' button to start the model./CC. S3: Presses the 'go' button to stop the 
model./FF. S4: Presses the 'go' button to start the model./HH. S4: Repeatedly presses the 'go' button to start the model./II. S4: Adjusts the 'S-
bias/A-bias' slider so 'S/A bias' set at 100/0 (100% S alleles and 0% A alleles)./JJ. S4: Presses the 'set up' button to populate world and apply 
variables./KK. S4: Presses the 'go' button to start the model./LL. S4: Repeatedly presses the 'Malaria' button. 
 
VISUAL ABDUCTIVE REASONING MOVES 
B. S3 & S4: Looking at the 'Human deaths' graph and the 'allele numbers' graph; noticing variables applied/C. S3 & S4: Looking at the 'allele 
numbers' graph; noticing the trend of the decreasing trajectory of the 'S allele' line./ E. S3 & S4: Looking at the 'Human deaths' graph and the 
'allele numbers' graph; noticing the trend of the number of 'Natural deaths' decreasing and the number of 'S alleles' decreasing over time and 
noticing the trend of the number of 'Deaths related to potential selective pressure' remaining stable over time./J. S3 & S4: Looking at the 
'Human deaths' graph and the 'allele numbers' graph; noticing the trend of the number of 'Natural deaths' decreasing and the number of 'S 
alleles' decreasing over time and noticing the trend of the number of 'Deaths related to potential selective pressure' remaining stable over 
time./L. S3: Looking at the 'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the trend of the number of 'S 
alleles' increasing over time./ M. S3 & S4: Looking at the 'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing 
the appearance (ex nihilo) of 'S alleles.'/N. S3 & S4: Looking at the 'S alleles' line and the 'A alleles' line on the 'allele numbers' graph, the 'S-
bias/A-bias' slider, the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the number of 'S alleles' increasing from 0 (ex nihilo) over time 
and the number of 'A alleles' decreasing over time with malaria in the population./O. S3 & S4: Looking at the 'A allele' line on the 'allele 
numbers' graph and the 'A allele' count; noticing the difference between the maximum number of 'A alleles' (indicated by the maximum of 
the y axis) and the number of 'A alleles' indicated by the 'A allele' line and 'A allele' count./ P. S3 & S4: Looking at the 'S allele' line on the 
'allele numbers' graph and the 'Deaths related to potential selective pressure' line on the 'Human deaths graph;' noticing the number of 'S 
alleles' increasing from 0 (ex nihilo) over time and the number of 'Deaths related to potential selective pressure' increasing and then 
decreasing over time./R. S3 & S4: Looking at the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph; noticing 
the trend of the number of 'Deaths related to potential selective pressure' increasing over time after malaria is introduced./S. S3 & S4: 
Looking at the 'S allele count;' noticing the number of 'S alleles' rapidly increasing from 0 (ex nihilo) over time to constitute a significant 
proportion of the genetic make up of the population./U. S3 & S4: Looking at the 'S-bias/A-bias' slider, the 'S/A bias' display, the 'S allele' 
count and the 'S allele' line on the 'allele numbers' graph; noticing the appearance (ex nihilo) of 'S alleles.'/Y. S3 & S4: Looking at the 'S allele' 
line and the 'A allele' line on the 'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the number of 'S alleles' 
increasing from 0 (ex nihilo) over time and the number of 'A alleles' decreasing over time with malaria in the population./ 
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Z. S3 & S4: Looking at the 'Human deaths' graph, the 'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing 
the appearance (ex nihilo) of 'S alleles.'/AA. S3: Looking at the 'S allele' line and the 'A allele' line on the 'allele numbers' graph and the 'S 
allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the number of 'S alleles' increasing from 0 (ex nihilo) over time and the number of 'A 
alleles' decreasing over time with malaria in the population./BB. S3: Looking at the 'Human deaths' graph, the 'allele numbers' graph and 
the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the appearance (ex nihilo) of 'S alleles.'/CC. S3: Looking at the 'S allele' line and the 
'A allele' line on the 'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the number of 'S alleles' increasing 
from 0 (ex nihilo) over time and the number of 'A alleles' decreasing over time with malaria in the population./DD. S3: Looking at the 
'Human deaths' graph, the 'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the appearance (ex nihilo) of 
'S alleles.'./EE. S3 & S4: Looking at the 'S allele' line and the 'A allele' line on the 'allele numbers' graph; noticing the trend of the number of 
'S alleles' and the number of 'A alleles' reaching a certain number and levelling out./GG. S3 & S4: Looking at the 'time' count; noticing 
whether the elapsed time goes beyond 1000./KK. S3 & S4: Looking at the 'Deaths related to potential selective pressure' line on the 
'Human deaths graph' and the 'S allele' line and the 'A allele' line on the 'allele numbers' graph; looking at whether the trend of the number 
of 'Deaths relates to potential selective pressure' increasing over time as malaria is introduced leads to the number of 'A alleles' and 'S 
alleles' decreasing or increasing over time.     
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
C. S4: "Okay with high rainfall, the S is declining."/I. S3: "Boom." S4: "Down." S3: "Awww, awww."/K. S4: "Wow. Nobody's dying of high 
population density."/P. S3: "Yeah, malaria's the only one that did anything."/ W. S3: "Wait, what?! You had the S allele present anyway!"/Y. 
S4: "Woah! What?!"/AA. S4: "Whoa! Look! There's no S allele but there is malaria. The S allele ri...rises. It slowly mutates. While the A allele 
drops."; S3: "Awww! Awww!"; S4: "It's amazing."; S3: "Ah. Guys we made a discovery."; S4: "Yeah."/CC. S4: "What? It says 7920 here, then 
7440. This guy. What?"; S3: "Yeah, no, that's 'cause 7920 is at the very top. See it was just there for half a second. There."; S4: "Awww, nah, 
it's out, it's wrong."; S3: "This is wrong."/EE. S4: "Whoah! What!?"; S3: "I told you. No, because of what I said before."; S4: "Fuckkkkkkkkk!"; 
S3: "Yes."/FF. S3: "Alright. We made a discovery."; S4: "That's, that's actually cool."/II. S3: "But yeah we made a discovery."/KK. S4: "Now 
we're killing people."; S3: "Deaths."/LL. S3: "The spontaneously mutating population is now more than a third."; S4: "We started from 0, 
went to..."; S3: "Yeah, spontaneously mutated and then exploded. Yeah."/OO. S3: "We started at 0..."; S4: "And then it's, mutated..."; S3: 
"With malaria."/B3. S3: "Wait, let's make it go to 1000."/C3. S4: "No, look, it look's like it's levelling out."/D3. S4: "Actually, it looks like it's 
levelling out." 
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The boxes and arrows highlight the connections between these processes as well as 
the multimodal and distributed nature of this process. Once again the students needed 
to first notice key trends before noticing key anomalies, which generated confusion 
and propelled abductive reasoning. Manipulations of the model generated the trends 
and anomalies that the students noticed. But unlike episode 1, most of these students’ 
manipulations of the model preceded, as opposed to followed, their noticing of the 
anomalies. They spent more time and energy determining the trends before noticing 
the anomalies. And once they did so there was minimal changing of the variables, 
but rather intense observations and verbalisations of the data output. Discussing 
some examples from a few model runs provides clarity.  
 After establishing the importance of the relationship between the number of 
human deaths and the frequency of the S allele in MRD-1 (trend 1) (Figure 4-18), the 
students began their investigation proper. 
MRD-2: They introduced malaria into the population (G in Figure 4-18) and 
 noticed, looking at the graphical output, that as the number of human deaths 
 caused by malaria increased then the number of S alleles also increased over 
 time (I in Figure 4-18).  
So with the assistance of the DM they noticed key trend 1 and verbalised this 
discovery.  
MRD-2: See L, M, N, O in Figure 4-18. 
These verbalisations, which were hesitant and partial, suggest that the students had 
yet to fully, and explicitly, comprehend and appreciate the way in which malaria was 
acting as a selection pressure on the hbb gene. In particular increasing the frequency 
of the S allele. But after exploring the other potential selection pressures in MR1, 
MR2 and MR3 (Figure 4-19), which exhibit the repeating flow from manipulations 
of the model to observations of the trends (trend 2), they confidently determined that 
only malaria caused an increase in the frequency of the S allele because it killed 
humans with different genotypes at different rates. These findings reinforced the 
importance of the key trend 1. 
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 But the students were yet to be confronted with a mystery, however this soon 
changed. 
MR4: S3 set the initial frequency of the S allele to 0% and the initial frequency of 
 the A allele to 100% (M in Figure 4-19) and introduced malaria into the 
 population (P in Figure 4-19).  
This was despite S4 protesting the futility of such a manipulation because it defied 
prior knowledge and experience with the model. It is difficult to determine why S3 
manipulated the model in this way; again it reflects the intuitive and spontaneous 
nature of abductive reasoning and the way the model afforded this type of reasoning 
by allowing an extension of the abductive reasoning chain to manipulative and visual 
moves. The model enabled the students to explore this line of investigation even if 
they could not explicitly, in a formal way, articulate their reasons.  
MR4: The students were surprised and confused to immediately notice, looking at 
graphical and numerical output, some anomalies; the appearance (ex nihilo) 
of S alleles (M in Figure 4-19) (key anomaly 1) and the increasing number of 
these alleles while the number of A alleles decreased over time (N in Figure 
4-19) (key anomaly 2). Their verbalisations reflected their surprise and 
confusion (W, Y, AA in Figure 4-19) 
This was most mysterious; firstly how could S alleles appear, and secondly how 
could they rapidly increase in frequency? These were the two key anomalies that 
demanded explanation via abductive reasoning. The students perceived these 
findings as an exciting discovery, which ignited their abductive reasoning. 
 As the students had already verbally hypothesised a possible explanation for 
the mystery, the S alleles appeared in the population due to genetic mutation and 
increased in frequency due to the selective pressure of malaria, (to be discussed 
shortly) they did not immediately proceed to manipulate the model to solve the 
mystery. The students realised that the solution to the mystery was already present in 
the model. Rather they continued to observe the model to further explore the trends 
and anomalies as a way of further developing their ideas. 
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MR4: They noticed, looking at the same graphs, that not only did the frequency of 
the S allele increase from 0 (ex nihilo) but to such an extent that it  constituted a 
significant proportion of the alleles in the population. (P, S, U in Figure 4-19).   
This was an elaboration of key anomaly 2. 
MR4: They also noticed that the number of human deaths caused by malaria 
 not only increased but then decreased over time as malaria spread through the 
 population (P, and R in Figure 4-19).  
Similarly this observation, trend 2, elaborated the two key anomalies and was an 
expansion of key trend 1. The students again expressed their manipulations and 
observations in a formal, and more abstract, way through their verbalisations.  
MR4: See FF, II, LL, OO in Figure 4-19.  
Their excitement at making a discovery that involved not only a mystery but also its 
resolution is particularly evident in these verbalisations. 
 During MRD-3 (Figure 4-19) the students continued to observe graphical and 
numerical output as a way of elaborating their understanding of the key trends and 
the key anomalies, which they then verbalised. However the students soon returned 
to manipulating the model to further explore the mystery and to develop their 
explanations.  
MR6: S3 set the initial frequency of the S allele to 100% and the initial frequency of 
 the A allele to 0% (II in Figure 4-19) and introduced malaria into the 
 population (LL in Figure 4-19). 
The students’ preceding manipulations, observations and verbalisations clearly 
determined this course of action. S3 was exploring the alternative scenario to their 
earlier finding; would the A allele also spontaneously mutate and rapidly increase in 
frequency in the presence of malaria? Again S4 protested, this time based on their 
earlier discovery, as they expected the A allele not to spontaneously mutate and to 
decrease in frequency in the presence of malaria. S3 was keen to continue with the 
highly speculative hypothesising and follow intuition. Unfortunately they were 
unable to observe the model run its full course, shifting to another task, and so were 
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only able to observe the very beginnings of the data output that was trending towards 
a population with no A alleles (KK in Figure 4-19). In this way the model was again 
enabling the students to extend their intuitions into the manipulative and visual part 
of the reasoning spectrum such that their ideas could be further explored and 
elaborated. 
 S3 and S4, much like S5 and S6, observed key trends and key anomalies that 
prompted their further manipulations and observations of the model. However unlike 
episode 1, these students could only interpret graphical data that was abstract, 
specifically indexical and symbolic in nature. There were no agents in a world to 
observe. Nonetheless through this process they still constructed a chain of abductive 
reasoning that ran from the highly speculative hypothesising of manipulations and 
observations of the model to the more formal hypothesising of verbalisations. Once 
again the model not only generated the mystery, but also provided the students with 
the means to resolve this confusion through manipulations, observations and 
verbalisations that co-occurred. The model afforded the students’ abductive 
reasoning by forming part of a distributed system, along with the students and DM, 
which productively constrained their exploration of the potential role of malaria as a 
selection pressure on the human genome. 
4.3.3 Looking at controls 
The ‘looking at controls’ principle has a similar form as in episode 1, as shown by 
the timelines in Figure 4-20 and Figure 4-21. S3 and S4 had to look at the controls in 
order to make the changes to the model that enabled them to discover the appearing 
allele. The arrows and boxes, showing the pattern of abductive reasoning moves 
flowing across the different model runs, demonstrate that these manipulative 
abductive reasoning moves were often accompanied by visual abductive reasoning 
moves. This pairing of different reasoning modes enabled the students to collaborate 
so that the student not in direct control of the model could still actively participate in 
abductive reasoning. Some examples will demonstrate this point. 
 The students verbally expressed instructions that determined the manipulation 
of the model. 
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MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
B. S3 & S4: Looking at variable controls; the 'speed' slider./C. S3 & S4: Looking at variable controls; the 'High-rain-fall' button, the 
'Warm-climate' button, the 'D1.Tuberculosis' switch,' the 'Malaria' button and the 'High-population-density' button./G. S3 & S4: Looking 
at variable controls; the 'setup' button, the 'go' button and the 'Malaria' button./K. S4: Looking at variable controls; the 'go' button. 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
C. S3: "That was tuberculosis."/D. S3: "We're not actually sure how to do any of the other ones, though."; S4: "Yeah we, we click on them 
but nothing happens."/I. S4: "Malaria."/J. S3: "Just do it like once a click." /K. S3: " Yeah that's what I thought, but it wasn't...I don't know 
what it was doing."; S4: "Yeah we're not sure." 
1. Student    5. Halt image 
2. Re-ordering & changing relationships 6. Checking control (variable) 
3. Generation of image   7. Verbal instruction 
4. Transformation of image  8. Verbal comment on existing 
Figure 4-20 The timeline for 'looking at controls' for video segment 1 of episode 2 
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1. Student    5. Halt image 
2. Re-ordering & changing relationships 6. Checking control (variable) 
3. Generation of image   7. Verbal instruction 
4. Transformation of image  8. Verbal comment on existing 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
A. S3 & S4: Looking at variable controls; the 'High-rain-fall' button./D. S3 & S4: Looking at variable controls; the 'setup' button, the 'setup' button 
again, the 'go' button, the 'setup' button again, the 'go' button again and the 'High-population-density' button./F. S3 & S4: Looking at variable 
controls; the 'speed' slider./G. S3 & S4: Looking at variable controls; the 'go' button./H. S3 & S4: Looking at variable controls; the 'setup' button, 
the 'go' button and the 'Warm-climate' button./I. S3 & S4: Looking at variable controls; the 'go' button./K. S3 & S4: Looking at variable controls; 
the 'S-bias/A-bias' slider, the 'setup' button, the 'go' button and the 'Malaria' button./T. S3 & S4: Looking at variable controls; the 'go' button./V. S3 
& S4: Looking at variable controls; the 'go' button./FF. S3 & S4: Looking at variable controls: the 'go' button and the 'go' button again./HH. S3 & S4: 
Looking at variable controls; the 'go button, the 'S-bias/A-bias' slider, the 'S/A bias' display, the 'setup' button, the 'go' button again and the 
'Malaria' button./JJ. S3 & S4: Looking at variable controls: the 'Malaria' button.  
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
A. S4: "Alright high rainfall."/D. S3: That didn't do, jack."/F. S3: "Set up."/G. S4: "Ah, high population density."/H. S3: "Yeah, high population 
density!"/J. S3: "Let's put this on fast."/S. S4: "Alright, let's, let's try out the bias."/T. S4: "Let's have...set up." /V. S4: "Malariaaaaaaaa!"/F3. S3: "You 
didn't hit go."/G3. S3: "Oh, 1000's the limit, okay."/I3. S4: "Alright, okay. Let's see if the A bias does the same thing."/L3. S4: "With malaria, see 
malaria."/O3. S3:"Would you stop clicking malaria!" 
 
Figure 4-21 The timeline for 'looking at controls' for video segment 2 of episode 2 
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MR2: S4 instructed S3 to increase the population density, “Ah, high population 
density” (G in Figure 4-21), which S4 immediately executed (E in Figure 4-
21), while looking at the controls (D in Figure 4-21).  
The students also verbalised the changing of variables as they occurred in order to 
endorse the particular course of action. 
MR2: S3 commented, “Yeah, high population density!” (H in Figure 4-21) when 
making the population density high (E in Figure 4-21) and looking at this 
control (D in Figure 4-21).  
In both cases, looking at the controls enabled one student to manipulate the model 
and the other student to verbalise in order to contribute to the manipulative abductive 
reasoning. However, these verbal instructions were not always successful in 
determining the manipulation of the model, which limited the participation of the 
student not in direct control of the model.  
MR6: When S3 shouted at S4, “Would you stop clicking malaria!” S4 ignored 
 this directive and continued introducing malaria (LL in Figure 4-21). 
S3 and S4, as occurred in episode 1, also sometimes used the controls as a visual 
reference that went beyond the pragmatic function of the model.  
MRD-1: While the students were looking at the controls for the different potential 
 selection pressures (C in Figure 4-20), S3 commented, “We're not actually 
 sure how to do any of the other ones, though,” to which S4 added, “Yeah we, 
 we click on them but nothing happens” (D in Figure 4-20).  
The students perceived these controls on screen as representing their exploration of 
possible selection pressures. They were not just buttons to be pressed, but rather 
stood in for the key concepts of natural selection and were a visual reference for the 
students’ hypothesising. 
 So once again the students’ manipulations of the model were not simply 
‘button pushing’. They looked at the variables when they made these changes and 
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used verbalisations to support these manipulations and to bring about further changes 
to the model. The abductive reasoning was multimodal and distributed across the 
DM, model and students, including the student who was not in direct control of the 
model. Additionally by looking at the controls, the students could use them as visual 
anchors for their hypothesising. They were a digital manifestation of the mystery and 
the students’ proposed solutions. 
4.3.4 Physically and virtually pointing 
The timelines for the ‘physically and virtually pointing’ principle are shown in 
Figure 4-22 and Figure 4-23. The pattern of abductive reasoning moves, highlighted 
by the arrows and boxes, makes clear that S3 and S4, just like S5 and S6, used 
physical and virtual pointing to draw attention to important information on screen as 
the controls were adjusted and the model was run. This pointing directly informed 
the students’ noticing of the key trends and key anomalies. An example demonstrates 
this. 
MRD1: S4, in response to the DM wanting to see the students’ explorations, 
physically pointed to trend 1 in the graphical data (D in Figure 4-22). During 
and following this physical pointing, the students observed and verbalised 
important trends (E, G, H in Figure 4-22).  
This physical pointing also allowed the student who was not in direct control of the 
model to become more involved in the abductive reasoning system.  
MR4: S4 pointed to graphical and numerical output (Q in Figure 4-23) in order to 
 draw attention to the  presence of key anomaly 1 for the first time (M 
 and W in Figure 4-23).  
As with episode 1, these students also went beyond pointing and sometimes 
physically and virtually traced trends and anomalies. 
MR4: S4 used the cursor to trace trend 2 in key graphical output (S in Figure 
 36) that underpinned the two key anomalies (N in Figure 4-23) and S4 
verbally expressed their discovery (AA in Figure 4-23).  
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Figure 4-22 The timeline for 'physically and virtually pointing' for video segment 1 of episode 2 
          
 
 
 
 
 
 
1. Student       7. Checking control (variable) 
2. Re-ordering & changing relationships    8. Checking generic meaning of output 
3. Generation of image      9. Checking relationships between data in output (trends) 
4. Transformation of image     10. Verbal instruction 
5. Halt image       11. Verbal comment on existing 
6. Use finger/pen to draw attention to relevant feature of image 12. Verbalisation of relationships between data in output (trends) 
MANIPULATIVE ABDUCTIVE REASONING MOVES 
B. S3: Points to the 'High-rain-fall' button, the 'Warm-climate' button, the 'D.1 Tuberculosis' switch, the 'Malaria' button and the 'High-
population-density' button./D. S4: Points to the descending trajectory of the 'S allele line' on the 'allele numbers' graph.; Points to the time 
frame on the 'Human deaths' graph where the 'Deaths related to potential selective pressure' line has a decreasing trajectory and then points 
to the corresponding time frame on the 'allele numbers' graph at which the 'S allele' line has a descending trajectory and the 'A allele' line 
has an ascending trajectory. 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES (See previous figures) 
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1. Student        11. Checking generic meaning of output     
2. Re-ordering & changing relationships    12. Checking relationships between data in output (non-trends)  
3. Generation of image      13. Checking relationships between data in output (trends)   
4. Transformation of image      14. Verbal instruction     
5. Halt image       15. Verbal comment on existing      
6. Use cursor to draw attention to relevant feature of image  16. Verbalisation of noticing object achieve given task 
7. Use finger/pen to draw attention to relevant feature of image 17. Verbalisation of noticing presence of particular object 
8. Checking controls (variable)     18. Verbalisation of generic meaning of output 
9. Noticing particular object achieve given task   19. Verbalisation of relationships between data in output (non-trends) 
10. Noticing presence of particular object    20. Verbalisation of relationships between data in output (trends) 
         
Figure 4-23 The timeline for 'physically and virtually pointing' for video segment 2 of episode 2 
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
Q. Points to the 'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts./R. S3: Points to the 'S allele' count./S. S4: Traces the 
descending trajectory of the 'A allele' line on the 'allele numbers' graph./T. S4: Points to 7920 on the 'no. of alleles' axis for the 'A allele' on the 'allele 
numbers' graph.; Traces the ascending trajectory of the 'S allele' line on the 'allele numbers' graph.; Traces the ascending and then the descending 
trajectory of the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph./U. S4: Points to the ascending trajectory of the 
'Deaths related to potential selective pressure' line on the 'human deaths' graph after malaria is introduced./V. S4: Points to the 'S allele' count./X. S3 
& S4: Points to the 'S-bias/A-bias' slider and the 'S/A bias' display; Points to the ascending trajectory of the 'S allele' line on the 'allele numbers' 
graph./ AA. S3: Points to the 'Malaria' button./DD. S4: Traces the horizontal trajectory of the 'A allele' line and the 'S allele' line on the 'allele 
numbers' graph.; S3: Points to the 'time' count./EE. S4: Traces the horizontal trajectory of the 'A allele' line and the 'S allele' line on the 'allele 
numbers' graph./GG. S4: Points to the end point of the 'A allele' line and the 'S allele' line on the 'allele numbers' graph./MM. S4: Points to the image 
on the iPad./NN. S4: Points to the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph. 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES (See previous figures) 
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These virtual actions indicate that the students’ understandings of the trends and 
anomalies were embodied, and that pointing and tracing were used by the students to 
both establish new understandings and to communicate prior understandings.  
 Once again verbally describing what had taken place was not sufficient for 
the students to share the mystery and their proposed solutions. These verbalisations 
had to be visually anchored to the variables on screen, and this was achieved by 
virtual and physical pointing. The pointing linked the visual and sentential abductive 
reasoning moves. 
MRD-1: S3 physically pointed to the potential selection pressure buttons and 
 verbally expressed frustration at not being able to operate the model (B, C, D 
 in Figure 4-22). 
However these students were less likely to point to controls as a means of sharing 
their findings than S5 and S6, instead utilising the running model to construct their 
arguments.  
 Therefore S3’s and S4’s virtual and physical pointing, as was the case with 
S5 and S6, capture the multimodal and distributed nature of the abductive reasoning. 
This pointing always involved particular observations and verbalisations, and led to 
particular manipulations of the model. It ensured that the students, DM and model 
were important parts of the abductive reasoning system. More than this, the pointing 
enabled both the students’ minds and bodies to form part of the abductive reasoning, 
demonstrating once again the embodied nature of this reasoning process. 
4.3.5 Verbal hypothesising 
The ‘verbalising hypothesising’ principle was noticeably different for S3 and S4 
compared to episode 1. The timelines shown in Figure 4-24 and Figure 4-25 
demonstrate that these students more frequently executed verbal hypothesising than 
S5 and S6. The arrows and boxes in the timelines, which outline the pattern of 
abductive reasoning moves playing out across the different model runs, show that 
these students were seemingly more prepared than S5 and S6 to shift from 
manipulations and observations of the model to verbal hypothesising in the form of 
propositions. 
 248 
 
 
 
 
 
 
 
1. Student       7. Use body to elaborate observation    
2. Re-ordering & changing relationships    8. Looking at information 
3. Generation of image      9. Checking control (variable)  
4. Transformation of image     10. Checking generic meaning of output 
5. Halt image       11. Checking relationships between data in output (trends) 
6. Use finger/pen to draw attention to relevant feature of image 12.Verbalisation of hypothesis    
MANIPULATIVE ABDUCTIVE REASONING MOVES 
I. S3: Downward motion with right hand to indicate decreasing number of 'S alleles' when malaria is not a selective pressure. 
 
VISUAL ABDUCTIVE REASONING MOVES 
D. S3 & S4: Looking at graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./F. S3 & S4: 
Looking at graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./J. S4: Looking at graphs and 
variable controls; specific graphs and variable controls indeterminate (model in general). 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
P. S4: "Ahhh."; S3 "It...has something to do with..." /R. S3: "Down."; S4: "Down." 
 
Figure 4-24 The timeline for 'verbal hypothesising' for video segment 1 of episode 2 
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1. Student       9. Looking at information        
2. Re-ordering & changing relationships    10. Checking control (variable)    
3. Generation of image      11. Noticing particular object achieve given task      
4. Transformation of image     12. Noticing presence of particular object      
5. Halt image       13. Checking generic meaning of output      
6. Use cursor to draw attention to relevant feature of image 14. Checking relationships between data in output (non-trends) 
7. Use finger/pen to draw attention to relevant feature of image 15. Checking relationships between data in output (trends) 
8. Use body to express hypothesis    16. Verbalisation of hypothesis 
        17. Verbal comment on hypothesis 
MANIPULATIVE ABDUCTIVE REASONING MOVES 
H. S3: Moves right arm in a downward direction to indicate person dying. 
 
VISUAL ABDUCTIVE REASONING MOVES 
Q./ S3 & S4: Looking at graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./W. S3 & S4: Looking 
at graphs and variable controls; specific graphs and variable controls indeterminate (model in general). 
1.1.1.5 Figure 51. The timeline for ‘verbal hypotheses’ for video segment 2 of episode 2 
 
Figure 4-25 The timeline for 'verbal hypothesising for video segment 2 of episode 2 
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SENTENTIAL ABDUCTIVE REASONING MOVES 
L. S3: "You don't die from high population density, do you?"; S4: "Yeah, you do. Like. You can't get a place to sleep and..."; S3: "Then you die 
from the cold."; S4: "You sleep in, ah...slum."; S3: In a, in a mall and get trampled."; S4: "And you get trampled to death because there's too many 
people."; S3: "Then you die from trampling, don't you?"; S4: "It's do-able. Kind of related to high population density."; S3: "Yes, but you don't 
actually die from high population density. It's like, 'There's too many people,' just dead."; S4: "What if you have a fear of people?"; S4: "Then 
you die from fear."; S4: "It's like you have a fear of sharks; if a shark eats you, are you saying that you die of a fear of sharks?"; S3: "No, I'm 
saying you die from the shark eating you. If you have a heart attack because you see a shark then you die of fear."; S4: "Alright, okay, what if, 
what if you have a fear of high population densities?"; S3: "Well then you'll still die..."; S4: "And then a high population density eats you?"/Q. S3: 
"I'm gonna guess that, um... S4: Malaria's... S3: No, no. no. A lot of genes, if you have one as a carrier, it actually has a beneficial effect such 
as...What's it called? Um, it, it has beneficial effects such as like increased, um, resistance to malaria. So this is probably one of those things."/U. 
S3: "I don't think, I don't think that will do anything, Zelmann, because..."/X. S3: "Dude, you've got people spontaneously mutating!"/Z. S3: 
"Guys, we made spontaneous mutations."/BB. S4: "Whoa! Look! There's no S allele but there is malaria. The S allele ri...rises. It slowly mutates. 
While the A allele drops."; S3: "Awww! Awww!"; S4: "It's amazing."; S3: "Ah. Guys we made a discovery."; S4: "Yeah."/GG. S3: "Alright. We made 
a discovery."; S4: "That's, that's actually cool."/JJ. S3: "But yeah we made a discovery."/MM. S3: "The spontaneously mutating population is 
now more than a third." S4: "We started from 0, went to..."; S3: "Yeah, spontaneously mutated and then exploded. Yeah."/PP. S3: "We started at 
0..."; S4: "And then it's, mutated."; S3: "With malaria."/E3. S4: "Just, just, just see if it levels out. Or if it keeps going in."/J3. S4: "Alright, okay. 
Let's see if the A bias does the same thing."/M3. S3: " No, no, no. The A bias won't. The A bias won't."; S4: "I said die!"; S3: "Dude the A bias 
won't, because the S..."/N3. S3: "The A bias doesn't."/P3. S4: "Are you sure?"         
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They better managed to formalise their half-thoughts because they were more 
comfortable with the formal part of the reasoning spectrum. However this verbal 
hypothesising still followed the students’ manipulative and visual abductive 
reasoning moves; the sentential abductive reasoning moves were still rooted in the 
students’ manipulations and observations of the model. Verbal hypothesising was 
again another part of the process and not the end point. They even used gestures to 
elaborate these verbalisations. But the verbal hypothesising of S3 and S4 was more 
generative of new ideas than those of S5 and S6. Some examples are illustrative. 
These students made effective use of verbal hypothesising to predict the 
outcomes of the model.  
MR4: When S4 ran the model with no S alleles in the starting population and 
 introduced malaria (M and P in Figure 4-25), S3 stated, “I don't think, I don't 
 think that will do anything…because...” (U in Figure 4-25) while looking at 
 the controls (K in Figure 4-25).  
S3’s verbal hypothesising was in contrast to S4’s hypothesising. S3 argued that this 
manipulation of the model would not shed further light on the relationship between 
malaria and the hbb gene. This verbal hypothesising predicted what they would see 
based on what they had already observed. But once the model started running, S3 
completely changed his argument. The students’ manipulative and visual abductive 
reasoning moves fundamentally altered the line of abductive reasoning, which 
extended to the verbal domain.  
MR4: S3 immediately noticed key anomaly 1 (M in Figure 4-25) and 
 exclaimed, “Dude, you've got people spontaneously mutating!…Guys, we 
 made spontaneous mutations” (X and Z in Figure 4-25).  
He was verbally hypothesising, in a more formal and explicit way than manipulating 
and observing the model, an explanation for the appearance of the S allele. Both the 
mystery and hypothesising emerged almost simultaneously from the students’ 
manipulations and observations of the model. The students’ excitement at making the 
discovery is evident in these verbalisations, which spurred them on to further 
hypothesising in later model runs.   
 252 
 Particularly notable was when the students again disagreed in regards to 
manipulating and observing the model to pursue another half-thought emerging from 
their intuitions.  
MR6: S4 changed the variables to explore whether the A allele would 
 spontaneously mutate and dominate the population (II and LL in Figure 4-
25). Which S3 rejected: “No, no, no. The A bias won’t. The A bias won’t… 
Dude the A bias won’t, because the S (M3 in Figure 4-25)… The A bias 
doesn’t” (N3 in Figure 4-25).  
S3 rejected this line of abductive reasoning by verbally, and explicitly, predicting the 
outcome of the model run. While the students did not complete this model run, the 
verbal hypothesising of S3 was in contrast to the manipulative abductive reasoning 
moves of S4. The different parts of the abductive reasoning chain were pulling the 
line of inquiry in different directions. 
 This was also evident when S3’s verbal hypothesising added something new 
to their manipulations and observations of the model.  
MR3: After the students had finished exploring the impact of all the potential 
 selection pressures on the S allele, S3 said: “I'm gonna guess that, um... No, 
 no. No. A lot of genes, if you have one as a carrier, it actually has a beneficial 
 effect such as...What's it called? Um, it, it has beneficial effects such as like 
 increased, um, resistance to malaria. So this is probably one of those 
 things” (Q in Figure 4-25).  
He was proposing that the S allele in the heterozygous form (i.e. as a carrier) is 
beneficial because it affords resistance to malaria. This verbal hypothesising 
occurred while he was not looking at the model. It seemed to have its roots in an 
explanatory framework that S3 brought to the investigation that allowed formal 
reasoning in this verbal form, unlike S5 and S6 who had no such explanatory 
frameworks to draw on. But it was still prompted by their previous manipulations 
and observations of the model and it served to explain what they had seen and done. 
This verbal hypothesising brought meaning to the students’ investigation of the 
mystery that went above and beyond that contained in the their direct interactions 
with the model. It was generative of new ideas. 
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 However S3 and S4 also struggled at times, just like S5 and S6, to formalise 
their ideas.  
MRD-2: When the students were just starting to recognise the two key trends but had 
not yet consolidated these ideas (I in Figure 4-24), S4 uttered: “Ahhh,” to 
which S3 added, “It...has something to do with...” (P in Figure 4-24).  
They were clearly not ready to verbally articulate their ideas even with the DM’s 
support and encouragement. Their hypothesising remained half thoughts embedded 
in their manipulations and observations of the model. S3 and S4 were not yet ready 
to extend the abductive reasoning chain to verbal hypothesising. 
 S3 and S4 also demonstrated an additional element of verbal hypothesising 
not seen in episode 1.  
MRD-2: In response to the DM’s question concerning the plight of the S allele in a 
non-malarial environment, S3 said, “down,” followed by S4 also saying, 
“down” (K), while looking at the model as a reference (J in Figure 4-24). But 
S3 also gestured a downward motion with the right hand (I in Figure 4-24).  
This gesturing elaborated the students’ verbal hypothesising and was an embodiment 
of the key trends and key anomalies they observed in the graphs. They could not 
quite fully express their ideas in the verbal form and so also used their bodies. Thus 
what seems purely verbal hypothesising was in fact a multimodal package emerging 
from the interactions between the students, DM and model. The students did not 
occupy one part of the abductive reasoning spectrum, but rather both informal and 
formal locales. 
 S3’s and S4’s verbal hypothesising was sometimes deeply rooted in their 
interactions with the model, while at other times they added something new from 
existing explanatory frameworks that further formalised their hypothesising. More 
often than not they could abstract their ideas by extending the abductive reasoning 
chain from their manipulations and observations of the model to verbalisations, but 
sometimes their ideas remained as half thoughts evident in their manipulative and 
visual abductive reasoning moves. However on all occasions the students’ verbal 
hypothesising was in some way entwined with their manipulative and visual 
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abductive reasoning moves, which played out as they interacted with each other, the 
DM and model.   
4.3.6 Textual and pictorial hypothesising 
As can be seen by following the pattern of abductive reasoning moves, as indicated 
by the arrows and boxes, in the timeline displayed in Figure 4-26 (did not occur in 
video segment 2), S3’s and S4’s ideas were not only sometimes inscribed in text but 
the data that directly related to these ideas was also sometimes photographed. Their 
formal hypothesising was not only textual but also pictorial. The DM again 
repeatedly reminded the students to record their findings for future use and task 
completion. Pictorialisation involved the students using the iPad to photograph the 
model, in particular data that was central to their hypothesising. Their photographs 
constituted clear evidence of their ideas; a snapshot of their visual abductive 
reasoning moves. The students then annotated these photographs with text, as seen in 
Figure 4-27. The photographs adding an iconic dimension to the symbolic text, such 
that an annotated photograph was a more powerful means for them to formalise their 
ideas.  
 Therefore just like S5 and S6, these students used the iPad as an inscription 
device to extend the abductive reasoning chain beyond their manipulations and 
observations of the model to the most formal part of the abductive reasoning 
spectrum. The photographs further strengthened the link between ideas and evidence 
and thus added to the construction of a causal narrative of the mystery, and the 
annotated images again made the students’ ideas more mobile and less mutable. The 
different model runs provide insightful examples. 
MRD-3: The DM reminded the students to record their findings, which they 
 did by taking a photo of the model (RR and SS in Figure 4-26 and Figure 4-
 27) and annotating the resulting image (WW and XX in Figure 4-26 and 
 Figure 4-27). 
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1. Student       13. Noticing presence of particular object       
2. Re-ordering & changing relationships    14. Checking generic meaning of output       
3. Generation of image      15. Checking relationships between data in output (non-trends)    
4. Transformation of image     16. Checking relationships between data in output (trends)    
5. Halt image       17. Verbalisation of hypothesis       
6. Use cursor to draw attention to relevant feature of image 18. Verbal comment on hypothesis 
7. Use finger/pen to draw attention to relevant feature of image 19. Pictorialisation of hypothesis 
8. Use body to express hypothesis    20. Textualisation of hypothesis 
9. Inspection of iPad      21. Verbalisation of noticing presence of particular object 
10. Looking at information     22. Pictorialisation of noticing presence of particular object 
11. Checking control (variable)     23. Textualisation of noticing presence of particular object 
12. Noticing particular object achieve given task   24. Verbal comment on existing representation     
         
1.1.1.6 Figure 52. The timeline for ‘fixing hypotheses in text and image, for video segment 2 of episode 2 
 
Figure 4-26 The timeline for 'textual and pictorial hypothesising' for video segment 2 of episode 2 
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MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
X./S3 & S4: Looking at iPad; images and text./II. S3 & S4: Looking at iPad; images and text. 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
RR./ S4: Taking picture with iPad of the 'Human deaths' graph, the 'allele numbers' graph, the 'S allele' count, the 'A allele' count, the 'SS' count, 
the 'AS' count and the 'AA' count. (See figure for details)./SS. S4: Taking picture with iPad of the 'Human deaths' graph, the 'allele numbers' 
graph, the 'S allele' count, the 'A allele' count, the 'SS' count, the 'AS' count and the 'AA' count. (See figure for details)./WW. 4: Writing on iPad: 
"S bias - 0%. A bias - 100%. PSP - Malaria." (See figure for details)./XX. S4: Writing on iPad: "S bias - 0%. A bias - 100%. PSP - Malaria." (See 
figure for details). /YY. S3: "You can have text, you know?"; S4: "I know, but I like hand writing."; S3: "I don't like your hand writing."; S4: "I 
cry."     
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In this photograph they captured the key trends and key anomalies with the text 
stating the conditions that produced this outcome. Through this pictorialisation and 
textualisation, the students were fixing in a more formal way their ideas that were 
bound up in their manipulations and observations of the model, as well as making 
more explicit, via the photograph, the ideas that were manifest in their verbal 
hypothesising. The photograph adding a powerful iconic dimension, absent from 
S5’s and S6’s text-only representation, to the fixing of their ideas. While this 
annotated image was not generative of new ideas, it would become the beginning of 
a coherent causal narrative of the mystery. 
S3’s and S4’s textual and pictorial hypothesising was an extension of their 
verbal hypothesising, which followed their manipulations and observations of the 
model. The students’ annotated image extended their abductive reasoning chain to 
the more formal parts of this process. The iPad was a fixing device that enabled the 
students to formalise their abductive reasoning, and to make explicit their ideas, not 
only in symbolic form, in the way of text, but also in iconic form, in the way of a 
photograph. The image was worth a thousand words; enabling others to experience 
the ideas and associated visual abductive reasoning moves, and also allowing S3 and 
S4 to re-live this causal narrative.   
4.3.7 Asking questions 
The ‘asking questions’ principle was evident in this episode, but took a different 
form from episode 1. The timelines in Figure 4-28 and Figure 4-29, showing the 
arrows and boxes highlighting the pattern of abductive reasoning moves, 
demonstrate that S3 and S4, just like S5 and S6, sometimes posed questions to 
inform their manipulative and visual abductive reasoning moves.
Figure 4-27 The students' annotated image 
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1. Student    5. Halt image             
2. Re-ordering & changing relationships 6. Use finger/pen to draw attention to relevant feature of image       
3. Generation of image   7. Use body to elaborate observation        
4. Transformation of image  8. Looking at information         
     9. Verbalisation of uncertainty           
  
 
    
    
         
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
S. S3: “Wait, or, wait, look, we, we.” 
 
Figure 4-28 The timeline for 'asking questions' for video segment 1 of episode 2 
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Figure 56 (for Student Ep2_part2) 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
B. S3: "So that, that's applied?"/E. S3: "I need to stop 'go,' don't I?" 
1. Student    6.Use cursor to draw attention to relevant feature of image       
2. Re-ordering & changing relationships 7. Use finger/pen to draw attention to relevant feature of image       
3. Generation of image   8. Use body to elaborate observation        
4. Transformation of image  9. Checking control (variable)         
5. Halt image    10. Verbalisation question about control (variable)       
    
  
 
    
    
         
Figure 4-29 The timeline for 'asking questions' for video segment 2 of episode 2 
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However their questions were of a different nature; they concerned uncertainty and 
the practical working of the model. But again this questioning occurred in 
surprisingly few model runs with the students preferring to manipulate and observe 
the model to resolve their confusion. 
MRD-2: After the DM discussed the likely outcome for the S allele if a 
 favourable selective pressure was not present, S3 uttered, “Wait, or, wait, 
 look, we, we…” (S in Figure 4-28).  
He was not asking a specific question, but rather verbalising uncertainty in regards to 
the scenario just described by the DM. He wanted clarification. The DM then worked 
with the students to further explore this issue. This verbalisation of uncertainty was 
an explicit expression of confusion, which alerted the DM to support and encourage 
the students’ abductive reasoning. 
 The only other questions that the students asked were in relation to operating 
the model.  
MR1: S3 asking the DM, "So that, that's applied?" in regards to high rainfall (B in 
 Figure 4-29). 
MR2: And S3 asking himself and S4, "I need to stop 'go,' don't I?" (E in Figure 4-
 29). 
These questions served a practical purpose by informing the students’ competent use 
of the model.  
 Thus the few questions posed by the students once again served an important 
purpose; they supported the students’ visual and manipulative abductive reasoning 
moves across the system. In some cases directly determining what the students did 
and observed. The lack of questions again reflected the students’ preference to 
resolve their confusion through manipulations and observations of the model. 
4.3.8 Giving instructions 
Now looking at the timeline displayed in Figure 4-30 (did not occur in video segment 
1). 
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1. Student      7. Use finger/pen to draw attention to relevant feature of image     
2. Re-ordering & changing relationships   8. Use body to express hypothesis      
3. Generation of image     9. Inspection of iPad       
4. Transformation of image    10. Checking control (variable)         
5. Halt image      11. Noticing particular object achieve given task      
6. Use cursor to draw attention to relevant feature of image 12. Noticing presence of particular object 
       13. Verbal instruction to represent 
 
    
    
         
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
UU. S3: "Just, just take a photo of the screen." VV. S3: "Label it."; S4: "Done."; S3: "Let me."; S4: "No I want to label it!"; S3: "No, no, just put text next to it, 
saying...Orig...um, S bias 0%, A bias 100%, select...psp malaria."/ZZ. S3: "Alright, psp malaria."/K3. S3: "No, no, no, no, no, ahhh! We needed, we didn't 
record it. We didn't  record the...!"; S4: "Yes I did, I did."; S3: "Yeah, but..."    
Figure 4-30 The timeline for 'giving instructions' for video segment 2 of episode 2 
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This shows that S3 and S4, similarly to S5 and S6, not only provided verbal 
instructions for changing the variables (evident in ‘looking at controls’) but also 
instructions for representing their findings. This pattern of abductive reasoning 
moves is made clear by the arrows and boxes. These instructions were central to their 
use of the iPad as an inscription device, thus enabling the student not in direct control 
of the model to contribute to this aspect of their formal reasoning. 
 While S3 and S4 appreciated the value of the iPad to fix their ideas in 
pictorial and textual form, they still struggled to do so.  
MRD-3: S3 instructed S4 to “Just, just take a photo of the screen,” and to, “Label it.” 
S3 then said, “Let me,” to which S4 responded, “No I want to label it!” S4 
then demanded, “No, no, just put text next to it, saying... Orig...um, S bias 
0%, A bias 100%, select...psp malaria” (UU and VV in Figure 4-30).  
MR6: Then when S4 ran the model to explore the alternative hypothesis, S3 
 shouted, “No, no, no, no, no, ahhh! We needed, we didn't record it. We didn't 
 record the...!”, to which S4 responded, “Yes I did, I did” (K3 in Figure 4-
 30).    
This verbal exchange was heated and reflected the fact that the students had to 
discuss their formalising of ideas. The annotated image was the result not only of 
observing the image but also discussing its precise form. The students needed to 
negotiate their extension of the abductive reasoning chain to textualisation and 
pictorialisation. These verbalisations enabled both students, despite using a single 
iPad and computer, to contribute to this process. These verbalisations also suggest 
that the students, in particular S3, highly valued the iPad as a means to inscribe their 
ideas in a formal way. This contrast in S3’s and S4’s verbalisations, when considered 
in the context of their manipulative and abductive reasoning moves, provides further 
evidence that S3 prioritised formal reasoning, while S4 was empowered and liberated 
by the possibilities of informal reasoning afforded by manipulating and observing the 
model. 
These verbal instructions of S3 and S4, unlike those of S5 and S6, produced 
and reflected specific manipulations and observations of the model. They informed 
the students’ formal reasoning in the form of their textual and pictorial 
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hypothesising. These verbal instructions formed part of the multimodal packages that 
played out as the students interacted with each other, the DM and model (and to a 
lesser extent iPad), and from which the abductive reasoning emerged.  
4.3.9 The demonstrator’s abductive reasoning moves 
The timelines showing all the DM’s abductive reasoning moves, shown in Figure 4-
31 and Figure 4-32, demonstrate that her abductive reasoning again often mirrored 
that of the students. But on other occasions it functioned as a model of reasoning that 
determined what the students did, said and saw. However at all times it was 
multimodal and distributed. This is particularly evident in the arrows depicting the 
flow of abductive reasoning across the different model runs, which also show that the 
DM was more intimately involved in the abductive reasoning during this episode 
than when working with S5 and S6. She even executed sentential abductive 
reasoning moves. Her greater integration into the abductive reasoning system was 
due to her genuine surprise at the students’ findings, which even engendered some 
confusion on her behalf. Some examples from a select few model runs are 
illustrative. 
On many occasions the DM mirrored the students’ abductive reasoning 
moves. 
MRD-3: When the students reported their discovery to the DM through verbalisation 
and physical pointing, she also noticed key anomaly 1 (a in Figure 4-32).  
She was involved in the reasoning process and shared the students’ discovery, but at 
a superficial level. However she soon verbalised her surprise and excitement.  
MRD-3: “Haaa! Oohh!” (a and b in Figure 4-32).  
The DM was supporting and encouraging the students’ abductive reasoning by 
genuinely sharing their surprise and excitement, which did not occur in episode 1 
because on that occasion she expected the malaria to disappear. But she did not 
expect the S allele to appear out of nothing. She was drawn into the students’ 
abductive reasoning; no longer simply an overseer, she was now emotionally and 
cognitively invested as a co-discoverer. 
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1.1.1.7 Figure 62. The timeline for ‘the DM’s abductive reasoning moves’ for video segment 1 of episode 2 
22. More knowledgeable other      29. mko-Checking relationships between data in output (trends)  
23. mko-Re-ordering & changing relationships    30. mko-Verbal instruction      
24. mko-Use finger/pen to draw attention to relevant feature of image 31. mko-Verbal comment on existing     
25. mko-Use body to elaborate observation    32. mko-Verbalisation of drawing attention to relevant feature of image  
26. mko-Looking at information      33. mko-Verbalisation of relationships between data in output (trends)  
27. mko-Checking control (variable)     34. mko-Verbalisation of intent to investigate   
28. mko-Checking generic meaning of output    35. mko-Verbalisation of hypothesis  
 
    
    
         
MANIPULATIVE ABDUCTIVE REASONING MOVES 
a. D: Points to the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph./b. D: Traces the increasing trajectory of the 
'Deaths related to potential selective pressure' line on the 'Human deaths' graph when tuberculosis is present./c. D: Circles the 'Deaths related to 
potential selective pressure' line on the 'Human deaths' graph at the time when tuberculosis is introduced.; Points to the 'S allele' line on the 'allele 
numbers' graph./d. D: Points to the 'S allele' line on the 'Human deaths' graph./e. D: Points to graphs and variable controls; specific graphs and 
variable controls indeterminate (model in general)./f. D: Points to the 'setup' button; Waves right hand over the 'Human deaths' graph and the 'allele 
numbers' graph to indicate that variables are re-set.; Points to the 'go' button; Points to the 'Malaria' button./g. D: Repeatedly presses the 'Malaria' 
button./h. D: Traces the ascending trajectory of the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph; Points to the 'S 
allele' line on the 'allele numbers' graph./i. D: Points to the ascending trajectory of 'S allele' line on the 'allele numbers' graph./ 
Figure 4-31 The timeline for the 'DM's abductive reasoning moves' in video segment 1 of episode 2 
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j. D: Points to graphs and variable controls; specific graphs and variable controls indeterminate (model in general)./k. D: Downward motion of the 
right hand to indicate the decreasing number of 'S alleles' when malaria is not a selective pressure./l. D: Points to graphs and variable controls; 
specific graphs and variable controls indeterminate (model in general). 
VISUAL ABDUCTIVE REASONING MOVES 
a. D: Looking at the 'S allele' line on the 'allele numbers' graph: noticing the trend of the number of 'S alleles' decreasing over time.; Looking at the 
'Deaths related to potential selective pressure' line on the 'Human deaths' graph: noticing the trend of the number of  'Deaths related to potential 
selective pressure' increasing over time after tuberculosis introduced./b. D: Looking at variable controls: the 'High-rain-fall' button, the 'Warm-
climate' button, the 'D1.Tuberculosis' switch,' the 'Malaria' button and the 'High-population-density' button./c. D: Looking at graphs and variable 
controls; specific graphs and variable controls indeterminate (model in general)./d. D: Looking at the 'Deaths due to potential selective pressure' 
line on the 'Humans deaths' graph; noticing the trend of the number of 'Deaths related to potential selective pressure' increasing over time after 
tuberculosis is introduced.; Looking at the 'S allele' line on the 'allele numbers' graph; noticing the trend of the decreasing number of 'S alleles' 
over time.; Looking at the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph and the 'S allele' line on the 'allele 
numbers' graph; noticing the trend that as the number of 'Deaths related to potential selective pressure' increases over time then the number of 'S 
alleles' decreases over time./e. D: Looking at graphs and variable controls; specific graphs and variable controls indeterminate (model in 
general)./f. D: Looking at variable controls; the 'setup' button, the 'go' button and the 'Malaria' button./g. D: Looking at the 'Human deaths' graph 
and the 'allele numbers' graph; noticing the absence of data./h. D: Looking at the 'Deaths related to potential selective pressure' line on the 
'Human deaths' graph and the 'S allele' line on the 'allele numbers' graph; not noticing the trend that as malaria is introduced the number of 
'Deaths related to potential selective pressure' increases over time and the number of S alleles increases over time.; Looking at the 'Deaths related 
to potential selective pressure' line on the 'Humans deaths' graph; noticing the trend of the number of 'Deaths related to potential selective 
pressure' increasing over time after malaria is introduced.; Looking at the 'S allele' line on the 'allele numbers' graph; noticing the trend of the 
number of S alleles increasing over time.; Looking at the 'Deaths related to potential selective pressure' line on the 'Human deaths' graph and the 
'S allele' line on the 'allele numbers' graph; noticing the trend that as the number of 'Deaths related to potential selective pressure' increases over 
time then the number of S alleles increases over time./i. D: Looking at graphs and variable controls; specific graphs and variable controls 
indeterminate (model in general). 
SENTENTIAL ABDUCTIVE REASONING MOVES 
a. D: "So we have a tuberculosis outbreak, stacks of people die."\b. D: "Hang on a sec, alright.\c. D: "Let's run through this though."\d. D: "Go 
'setup.' We clear it out. We go 'go.' Now, click on 'Malaria.' Click on it again and again."\e. D: "Why is this?"\f. D: "Can I...have a..."\g. "No, it...I should 
only have to click it once every 100."\h. D: "Hang on a second. Look at this. Deaths related to potential selective pressure."\i. D: "So, when you have 
the right selective pressure, it gets what? It gets re...tained in the population and it might even go up." 
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45. More knowledgeable other      48. mko-Noticing particular object achieve given task  
46. mko-Use finger/pen to draw attention to relevant feature of image 49. mko-Noticing presence of particular object    
47. mko-Inspection of iPad      50. mko-Verbalisation of noticing presence of particular object  .
         51. mko-Verbal comment on hypothesis  
        
 
    
    
         
MANIPULATIVE ABDUCTIVE REASONING MOVES 
a. D: Points to the iPad.; Circles the 'Human deaths graph,' the 'allele numbers graph' and the 'S allele', 'A allele,' 'SS,' 'AS,' and 'AA' counts.  
 
VISUAL ABDUCTIVE REASONING MOVES 
a. D: Looking at the 'S-bias/A-bias' slider, the 'S/A bias' display, the 'S allele' count and the 'S allele' line on the 'allele numbers' graph; noticing 
the appearance (ex nihilo) of 'S alleles.'/b. D: Looking at iPad; images and text./c. D: Looking at the 'S allele' line and the 'A allele' line on the 
'allele numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the number of 'S alleles' increasing from 0 (ex nihilo) over 
time and the number of 'A alleles' decreasing over time with malaria in the population./d. D: Looking at the 'Human deaths' graph, the 'allele 
numbers' graph and the 'S allele,' 'A allele,' 'SS,' 'AS' and 'AA' counts; noticing the appearance (ex nihilo) of 'S alleles.'  
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
a. D: “Haaa! Oohh!"/b. D: "Haaa! Oohh!” 
 
Figure 4-32 The timeline for the 'DM's abductive reasoning moves' for video segment 2 of episode 2 
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 This more intimate involvement of the DM in the abductive reasoning was 
also evident when she directly and indirectly determined the process. 
MRD-2: She instructed the students to introduce malaria and run the model (d in 
Figure 4-32), but when they did so the malaria population did not stabilise (g in 
Figure 4-32) and so she took control of the model and repeatedly pressed the 
malaria button to achieve this stabilisation (g in Figure 4-32).  
Thus when her indirect determining of the students’ manipulations and observations 
of the model did not generate the anticipated outcomes, she directly controlled the 
model in order to resolve her confusion and that of the students. 
MRD-2: The DM then physically pointed to and traced key trend 1 in the graphical 
output (h and h in Figure 4-32), and moved her right hand in a downward 
direction (k in Figure 4-32). 
In so doing, the DM was helping the students establish the important connection 
between trends. She was indirectly determining the students’ visual abductive 
reasoning moves. She did so not only via pointing, observing and verbalising, but 
also by embodying the key trend. She was reasoning with the students as opposed to 
only supporting and encouraging this reasoning as an overseer. 
As with episode 1, without the input of the DM it is likely that S3’s and S4’s 
abductive reasoning would have been significantly different. By executing a variety 
of different abductive reasoning moves that involved interacting with the students 
and model, she was made a valued co-constructor of the reasoning. She executed 
abductive reasoning not only to model this process for the students, but as a genuine 
exercise in discovery. 
4.3.10 The social framework 
S3’s and S4’s abductive reasoning moves, as well as those of the DM, were once 
again framed by particular social moves. These social moves enabled the DM to 
support and encourage the students to interact with her, each other and the model to 
execute abductive reasoning. Figure 4-33 and Figure 4-34 show these social moves. 
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31. Student   35. More knowledgeable other  42. mko-Redirect to new task  
32. Looking at peers  36. mko-Use body to acknowledge 43. mko-Eliciting 
33. Looking at demonstrator 37. mko-Compete for control of controls 44. mko-Request for confirmation 
34. Verbal affirmation  38. mko-Looking at students  45. mko-Question about control (variable) 
    39. mko-Verbal acknowledgement 46. mko-Question about non-trends in non-output 
    40. mko-Verbal affirmation  47. mko-Question about trends in output   
    41. mko-Revoicing   48. mko-Asking extending question 
          
      
Figure 4-33 The timeline for the 'social framework' for video segment 1 of episode 2 
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SOCIAL MOVES OF STUDENTS 
A. S3 looking at D./B. S3 looking at D./C. S3 looking at D./D. S3 looking at D./E.S3 looking at D./F.S3 & S4 looking at each other./G.S3 looking at 
D./H. S3: "Yeah." 
 
SOCIAL MOVES OF DM 
a. D: "Alrighty guys, what's goin' on?"/b. D: "Excellent."/c. D: "What's your selective pressure?"/d. D: "Tuberculosis, okay."/e. D: "Yeah?"/f. D: 
"Well, that's alright."/g. D: "So, that's fine."/h. D: "So...when you click tuberculosis, what happened here? Deaths in regard to your selective 
pressure? What happened here?"/i. D looking at S3./j. D: "Lots, okay."/k. D: "So, is that causing your S allele to increase?"/l. D looking at S3 & 
then at S4./m. D: "Okay." /n. D: "So, in what direction is your S allele going?"/o. D looking at S4./p. D: "Down."/q. D: "So, is tuberculosis keeping 
your S allele in the population?" /r. D: Moves pen up and down to affirm./s. D: "No, okay, excellent."/t. D: "Now, let's move on to a different 
one."/u. D: "Whataya you wanta do?"/v. D: "Malaria. Okay."/w. D: Takes control of the controls./x. D: "So what's happening, what's happening 
with your allele?"/y. D: "Hang on. " What's going...?"/z. D: "Now it's climbing."/aa. D: "It's not climbing very quickly, but it's climbing."/bb. D: 
"Okay."/cc. D: "So. What does this tell you about the S allele in the general population?"/dd. D looking at S3 & S4./ee. D: "Is sickle cell anaemia a 
good thing to have?"/ff. D: "No."/gg. D: "So, when you don't have the right selective pressure to keep it in your population, what would happen to 
it?"/hh. D: "It'd plummet."/ii. D: "Okay.”/jj. D: "So, um, over generations, it'd...yeah." 
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40. Student   45. Looking at demonstrator 51. More knowledgeable other 55. mko-Instruction for representing   
41. Use body to affirm  46. Looking at education officer 52. mko-Looking at students 56. mko-Eliciting 
42. Compete for control of controls 47. Verbal acknowledgement 53. mko-Verbal acknowledgement 57. mko-Encouragement to represent 
43. Off-topic action  48. Verbal affirmation  54. mko-Verbal affirmation 58. mko-Encouragement to abduce 
44. Looking at peers  49. Redirect to new task    
    50. Off-topic verbalisation      
      
Figure 4-34 The timeline for the 'social framework' for video segment 2 of episode 2 
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SOCIAL MOVES OF STUDENTS 
A. S3 looking at D./B. S3: "Okay, good, 'cause that's what we weren't sure of."/C. S3 looking at S4. /D. S3 looking at S4. /E. S3 looking at S4. 
/F.S3 looking at S4./G. S3 and S4 looking at each other./H. S4: "Alright, I don't know where this is going, let's just focus on this."; S3: "That's 
why I stop working with you Zellman."/I. S3 & S4 looking at each other./J. S3 & S4 lower the seat of S4 so no longer in view of web camera 
and S3 points with head at one of the tripod cameras./K. S4: "Alright I need the camera to see me."; S3: "No. No one wants to see you 
Zellman."; S4: "I just like slowly sink away."; S3: "No one wants to see you. Okay? Also you're on that camera, so."/L. S3 looking at D./M. S3 
looking at other pair of students./N. S3: "Don't, don't swear on camera."/O. S3 looking at D./P. S3: "Yes."/Q. S3 looking at S4./R. S4 looking at 
EO./S. S3: "Yes."; S4: "We should. Yes."/T. S3: "Yep."/U. S3 looking at D./V. S4: "Yes."/W. S3: "Yeah, yeah, yeah."; S4: "Yes."; S3: "Or label it."/X. 
S3 & S4 compete to control the iPad./Y. S3 moving right hand up and down to stress verbalisation./Z. S3 repeatedly shrugs shoulders./AA. S3 
looking at S4./BB. S4: "Alright."/CC. S3 & S4 compete to control the mouse./DD. S3 looking at S4./EE. S3 moving right hand up and down to 
stress verbalisation./FF. S3 looking at S4. 
 
SOCIAL MOVES OF DM 
a. D looking at S3./b. D: "Yeah, yeah."/c. D looking at S3./d. D: "I will be with you in two seconds."/e. D: "Okay?"/f. D looking at S3 & S4./g. D: 
"O...k...This is...This...You did make...This would be an incredibly impressive...discovery."/h. D: "So, are you guys recording this? Yes, yes we 
talked about that. Remember you can't come back to this room?"/i. D: "Dont' forget to focus it. Hang on a second."/j. D: "Okay, yep that's 
fine."/k. D: "So, don' forget, don't forget to record what it is. Because remember you can't see." 
 
 272 
These show the timelines populated with all of the students’ and DMs’ social moves, 
with the arrows and boxes making the pattern of these moves clear. Action-based, 
observation-based and proposition-based social moves are evident across the 
different model runs, with some examples discussed below. 
 As in episode 1: the students often looked at each other (MR2: C in Figure 4-
34 or the DM (MRD-1: A in Figure 4-33); the DM sometimes looked back at the 
students (MRD-1: l in Figure 4-33); both students (MR4: P in Figure 4-34) and the 
DM verbally acknowledged and nodded (MRD-1: r and MRD-2: bb in Figure 4-34); 
the DM (MRD-1: b in Figure 4-33) and students used verbal affirmations (MRD-2: 
H in Figure 4-34); the students also used bodily affirmations (MRD-3: Y in Figure 4-
34); the DM used revoicing (MRD-2: aa in Figure 4-33)   and the request for 
confirmation (MRD-1: e in Figure 4-33). These social moves serving the same 
purpose as they did in episode 1; enabling the students to collaborate with each other 
and the DM to co-execute the abductive reasoning as a multimodal and distributed 
process, with the DM constantly supporting and encouraging the students to expand 
their repertoire of abductive reasoning moves. 
  The DM again made use of questions, some different from those used in 
episode 1. She again effectively used eliciting questions (MRD-1 (a in Figure 4-33) 
to initiate her collaboration with the students by valuing their experiences and 
encouraging them to share their discovery. It was her first step to meaningful 
membership of the abductive reasoning system. Questions concerning trends in the 
data output were again part of her repertoire (MRD-1: (h in Figure 4-33) to prompt 
the students to further deconstruct the mystery and to assist them in extending their 
visual and manipulative abductive reasoning moves by highlighting the meaning and 
significance of different data.  
 However she also posed questions about the controls of the model, which did 
not occur when working with S5 and S6. 
MRD-1: She asked the students, “What's your selective pressure?”, (c in Figure 4-
 33) just after they revealed their troubles with effectively using the  model to 
 explore tuberculosis.  
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Such questions enabled the DM to support and encourage the students to explicitly 
link the model, to which their manipulations and observations were connected, to 
their investigation. These questions also helped the students determine the meaning 
and significance of different controls in relation to exploring particular ideas, and 
enabled the DM to establish what the students were doing, and wanting to do, with 
the model. 
 The DM also asked questions that went beyond the model and the students’ 
interactions with it, also requiring them to link their hypothesising with their prior 
knowledge and the body of scientific knowledge concerning natural selection, 
malaria and the hbb gene. Key here was getting the students to consider the 
relationship between the model and real world.  
MRD-2: She asked the students, “Is sickle cell anaemia a good thing to have?” (ee in 
in Figure 4-33) after they established key trend 1.  
She wanted the students to link their findings from the model to their knowledge of 
sickle cell anaemia. And she further challenged the students by asking extending 
questions, often in the form of hypothetical real world scenarios, which required 
them to apply their findings from the model and existing knowledge to the real 
world. 
MRD-2: Just after the students responded that sickle cell anaemia was deleterious, 
the DM asked, “So, when you don't have the right selective pressure to keep 
it in your population, what would happen to it?” (gg in Figure 4-33).  
The students needed to consider what would happen in the real world if the S allele, 
and in particular sickle cell anaemia, were present in an environment without a 
favourable selection pressure. While the students only provided a simple answer, 
saying the human population would decrease, the DM was still supporting and 
encouraging the students to link their model-based abductive reasoning to the real 
world and their existing knowledge of natural selection, sickle cell anaemia and 
malaria. She was pushing them towards more formal reasoning. 
 The DM once again encouraged the students to execute their abductive 
reasoning moves (MRD-3: g in in Figure 4-34), however not as explicitly as she did 
in episode 1 as evident in her not using the term play. She also redirected students to 
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new tasks and thus truncated their abductive reasoning, but more so to change the 
course of this reasoning than to end it (MRD-1: t in Figure 4-33). Again she wanted 
the students to complete the set task within the set time. 
 Unlike episode 1, the DM explicitly encouraged the students to record their 
findings. 
MRD-3: “So, are you guys recording this? Yes, yes we talked about that. Remember 
you can't come back to this room?” (h in Figure 4-34). She asked of the 
students after they shared their discovery. 
 She also provided direct instructions to the students in regards to representation.  
MRD-3: “Don’t forget to focus it. Hang on a second,” (I in Figure 4-34) and, “So, 
don't forget, don't forget to record what it is. Because remember you can't 
see” (k in Figure 4-34).  
She was supporting and encouraging the students to use the iPad to formalise their 
ideas. She was nudging them towards the formal end of the reasoning spectrum. 
 S3 and S4 also competed for control of the model and iPad, which was not 
exhibited by S5 and S6.  
MRD-3: S3 tried to take control of the iPad from S4 in order to record their 
 discovery (X in in Figure 4-34). 
MR5: S4 tried to take control of the model from S3 in order to change the  direction 
 of their hypothesising (CC in Figure 4-34). 
This reflected their different ideas and different directions they wanted to take their 
hypothesising. They wanted to construct slightly different chains of abductive 
reasoning and to do so they needed to interact with the model and iPad. 
 Therefore the social context was again essential for the establishment and 
functioning of the abductive reasoning system as a distributed and multimodal entity. 
The social moves executed by the DM and students intimately linked the students, 
DM, model and iPad. Without these social moves, the abductive reasoning would 
have been restricted to the minds of individual students, and the DM would have 
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struggled not only to support and encourage the students’ abductive reasoning but 
also to meaningfully participate in the hypothesising.  
4.4 Episode 3 - The mystery of the marauding mosquitos 
The next episode to be explored is that concerning the mystery of the marauding 
mosquitos. This will provide yet more evidence for the principles and further fresh 
and interesting insights into the students’ computer-mediated abductive reasoning. 
As with episodes 1 and 2, an overview of the reasoning process and social 
framework is first provided followed by a more detailed analysis, focusing on 
revealing examples.   
4.4.1 Overview 
The anomaly that defined this mystery, and which the students utilised abductive 
reasoning to resolve, was the mosquitos only biting a single human near each of the 
ponds such that no other humans were bitten and malaria was prevented from 
spreading through the population (i.e. when people did not avoid ponds the spread of 
malaria was less severe than when people did avoid ponds). This episode involved 
S1 and S2 working with the DM and EO on Computer 1 to explore why the 
mosquitos only attacked a few humans in Model 3. However they also collaborated 
with S3, S4, S5 and S6 on Computer 2 and Computer 3 to further explore this 
mystery during a group discussion (video segment 2). Therefore, the abductive 
reasoning system consisted not only of S1 and S2 collaborating with each other and 
the DM to interact with the model, but also the EO as well as S3, S4, S5 and S6. The 
main data output consisted of the world. 
S1 and S2 firstly ran the model with no humans or mosquitos infected with 
malaria, but were soon advised by the DM to infect a human or mosquito. The 
students accordingly infected a single human and then infected a few more humans 
on the advice of the DM. Looking at the world (this was the only data output for this 
model) they noticed infected mosquitos biting and infecting uninfected humans over 
time (trend 1), and uninfected mosquitos biting and being infected by infected 
humans over time (trend 2). They also noticed infected humans and infected 
mosquitos forming clusters over time; the malaria parasite could only spread from 
infected humans to healthy mosquitos and from infected mosquitos to healthy 
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humans (trend 3). They also noticed that if an infected human was not bitten by a 
mosquito then the malaria parasite did not spread among humans or mosquitos over 
time (trend 4). The DM labelled this a malaria outbreak and prompted the students to 
record their findings, but the students responded that they did not know what they 
were finding and so could not record. They then noticed humans not successfully 
avoiding ponds over time even though the model was set up in this way (trend 5). 
The students then explored the impact, on mosquitos and humans, of humans 
not avoiding ponds. They adjusted the controls accordingly and infected a single 
mosquito. They again noticed trend 1, but they also noticed, after the DM drew their 
attention to this data, one uninfected human near one pond bitten by many infected 
mosquitos over time (key trend 1). The DM argued that this trend demonstrated why 
it is important to avoid ponds in a malarial environment. It is then that the students 
observed a most surprising and confusing anomaly; all the infected mosquitos near 
one of the ponds were bitten by one infected human, such that no other humans near 
the pond were bitten by mosquitos (key anomaly 1). The students then used the iPad 
to take a photo of their discovery and annotated this image. They then hypothesised a 
means for controlling malaria in the real world; one person located near a pond can 
attract all mosquitos and so prevent the spread of malaria. The DM responded that 
unfortunately people in real life do not become paralysed near ponds and so this 
approach is unlikely to succeed. The DM was surprised and confused by the data; 
they did not accurately reflect reality. Consequently she suggested this was a glitch 
and so the students needed run the model again. 
The students ran the model again so that humans did not avoid ponds and 
with a single infected mosquito. They were then surprised and confused by a second 
anomaly, although not a key anomaly; the dying of the single infected mosquito 
(anomaly 1). In response they infected a few more mosquitos with malaria, but again 
observed trends 1, 2, 5 and 6. The DM then asked the students if humans were 
infected at a faster rate when not avoiding ponds (compared to avoiding ponds). The 
students responded that humans are more slowly infected if they avoid ponds, unless 
mosquitos near each of the ponds repeatedly bite a single human, which prevents the 
mosquitos from biting other humans and spreading malaria. This was an extension of 
their earlier verbal hypothesising 
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The DM then instructed the students to infect a few more mosquitos with 
malaria so that infected mosquitos were spread out and not restricted to biting a 
single human near a pond. However the DM and students again observed key 
anomaly 1, except on a larger scale; newly infected mosquitos were located near the 
ponds so that each of the ponds had in its vicinity a single human bitten by many 
mosquitos, such that humans not near the ponds were not bitten and avoided 
contracting malaria. The DM was again surprised and confused by this anomaly and 
so began working with another pair of students. Meanwhile the students identified 
this anomaly as a glitch, but again hypothesised that this might be an effective way to 
contain malaria in the real world. They again used the iPad to take a photograph of 
the anomaly and annotated it. 
The students were then joined by S3, S4, S5 and S6 for a group discussion led 
by the DM and EO. S3 and S4 on Computer 2 showed the other students, DM and 
EO the same anomaly (key anomaly 1) that so fascinated S1 and S2. S1 again 
suggested that this was the best way to contain malaria in the real world. S3 then 
suggested that this could be achieved in real life by attaching blood-filled bags to 
dummies (i.e. fake humans) and placing these near ponds to attract mosquitos, thus 
stopping the spread of malaria. The DM said that to her knowledge that approach had 
not been used, but S3 and S2 soon observed on their computer the deaths of one of 
the repeatedly bitten humans over time (trend 7). The DM then stressed that the 
mosquitos could now bite other humans and spread malaria over time, with an 
increase in the number of mosquitos due to their recent feeding frenzy (trend 8).  
While this was taking place, S1 suggested to S2, while key anomaly 1 was 
observable on their computer, that if humans do avoid ponds then the malaria 
spreads faster because the glitch does not happen; humans are free to roam and so no 
humans are restricted to particular ponds to attract mosquitos and prevent them biting 
and infecting other humans. But the DM reminded these students of trend 7 and trend 
8 just observed on Computer 2 by S3 and S4, which challenged S1’s hypothesising. 
The EO then asked S1 to show and share why they came to that conclusion. S1 and 
S2 pointed to key anomaly 1 on their computer and said that if humans were 
avoiding ponds then the anomaly does not occur and so humans do not stay near 
ponds and do not attract all the mosquitos, therefore mosquitos can roam and bite 
other humans and spread malaria.  
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The EO then asked the students if the model reflected reality, S1 and S2 
responded that the model was unlikely to reflect the real world. However the DM 
then reminded the students and EO of the blood-bag hypothesis proposed by S3. The 
EO was impressed by this suggestion, but then asked if the mosquitos would stay at 
the ponds. S3 replied yes because the model showed that this would take place. 
However the DM then asked if the blood bags would stay full forever, S3 said no. 
The DM then asked what would happen next, S5 said that the mosquitos would start 
to bite real humans (as opposed to dummies) and the DM agreed that this was likely. 
S5 then suggested that a set up could be created so humans could not be bitten and 
the malaria parasite could not be transported, and the blood bags could be refilled. S3 
further suggested that one of the blood bags could be poisoned, thus killing any 
mosquitos that fed on it. Both the DM and EO acknowledged this hypothesising as 
highly creative and interesting, and so the students needed to record their ideas using 
the iPads. The DM reaffirmed that to her knowledge that approach had not been used 
in real life. S4 informed the DM that the key anomaly 1 was persisting on their 
computer, which she again acknowledged as a glitch. 
Unlike episode 1 and episode 2, in the case of this mystery the students used 
the key anomaly generated by the model to hypothesise possible means to control the 
spread of malaria in the real world. They did not seek to resolve their confusion by 
getting rid of the anomaly from the model, but rather reconceptualised this glitch 
through hypothesising it as a means to control malaria in the real world. The 
anomaly was resolved not by altering the model but by reconceptualising reality. The 
students used a fault (i.e. the glitch) in the model as an opportunity to radically 
hypothesise in a speculative way the reality of controlling malaria. As with the 
investigation of the abductive reasoning executed by S3, S4, S5 and S6, the focus is 
not the success of these students to resolve their confusion, but rather to explore how 
they interacted with each other, other students, the DM, EO and model to 
hypothesise in response to the mystery. 
4.4.2 Noticing anomalies and checking trends  
The ‘noticing anomalies’ and ‘checking trends’ principles played out during this 
episode similarly to the other episodes, as evident in Figure 4-35 and Figure 4-36.  
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1. Student     7. Noticing particular object achieve given task 
2. Re-ordering & changing relationships 8. Checking relationships between data in output (non-trends) 
3. Generation of image   9. Checking relationships between data in output (trends) 
4. Transformation of image   10. Verbalisation of noticing absence of particular object 
5. Halt image    11. Verbalisation of noticing particular object achieve given task 
6. Noticing absence of particular object  12. Verbalisation of relationships between data in output (non-trends) 
      13. Verbalisation of relationships between data in output (trends) 
 
MANIPULATIVE ABDUCTIVE REASONING MOVES 
A. S1: Presses the 'setup' button to populate world and apply variables./B. S1: Presses the 'go' button to start the model./C. S1: Presses the 'infect 
person' button./D. S1: Presses the 'infect person' button twice. /P. S1: Presses the 'go' button to stop the model./R. S1: Presses the 'setup' button 
to populate world and apply variables./S. S1: Presses the 'people-avoid-ponds?' switch to 'off.'/T. S1: Presses the 'setup' button to populate 
world and apply variables./U. S1: Presses the 'go' button to start the model./W. S1: Presses the 'infect mozzie' button./Z. S1: Presses the 'go' 
button to stop the model./BB. S1: Presses the 'go' button to start the model./CC. S1: Presses the 'go' button to stop the model./DD. S1: Presses 
the 'go' button to start the model./FF. S1: Presses the 'setup' button to populate world and apply variables./HH. S1: Presses the 'infect mozzie' 
button./JJ. S1: Presses the 'infect mozzie' button twice./MM. S1: Presses the 'infect mozzie' button multiple times. 
Figure 4-35 The timeline for 'noticing anomalies' and 'checking trends' for video segment 1 of episode 3 
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VISUAL ABDUCTIVE REASONING MOVES 
C. S1 & S2: Looking at world; noticing the presence of 'persons,' 'mosquitos' and 'ponds.'/E. S1 & S2: Looking at world; noticing the presence of one 
'infected person.'/F. S1 & S2: Looking at world; noticing the trend of the infected mosquitos biting the 'uninfected persons' and making them 
'infected persons' (the 'malaria' spreads among the 'persons'); noticing the trend of the 'uninfected mosquitos' biting the 'infected persons' and 
making them 'infected mosquitos' (the 'malaria' spreads among mosquitos); noticing the trend of the 'infected persons' and the 'infected 
mosquitos' forming clusters suggesting that the 'malaria' can only spread from the 'infected persons' to the 'infected mosquitos' and from the 
'infected mosquitos' to the 'infected persons'); noticing the trend that if an 'infected persons' is not bitten by the 'mosquitos' then the 'malaria' 
does not spread among 'persons' or 'mosquitos'; and noticing the trend of the 'persons' not avoiding the 'ponds.'/I. S1 & S3: Looking at world; 
noticing the trend of one 'uninfected person' bitten by many 'infected mosquitos' becoming an 'infected person'; noticing the trend of one 
'uninfected person' near a 'pond' bitten by many 'infected mosquitos.'/J. S1 & S2: Looking at world; noticing the one 'infected person' bitten by all 
the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./O. S1 & S2: Looking at world; noticing the one 
'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./R. S1 & S2: Looking at 
world: noticing the trend of the 'infected mosquito' flying near a 'pond' near the 'uninfected persons' and the 'mosquitos.'/T. S1 & S2: Looking at 
world; noticing the absence (disappearance) of the 'infected mosquito.'/V. S1 & S2: Looking at world; noticing the trend of the 'infected mosquitos' 
biting the 'uninfected persons' and making them 'infected persons' and the 'uninfected mosquitos' biting the 'infected persons' and making them 
'infected mosquitos'; and noticing the trend of the 'uninfected persons' near the 'ponds' bitten by the 'mosquitos' and making them 'infected 
persons' more than the 'uninfected persons' not near the 'ponds.'/X. S1 & S2: Looking at world; noticing the one 'infected person' bitten by all the 
'infected mosquitos' near one of the 'ponds' (no other 'persons' near each of the 'ponds' are bitten)./Z. S1 & S2: Looking at world; noticing the 
different 'ponds' in the world where the 'mosquitos' can live./AA. S1 & S2: Looking at world; noticing the trend of the 'infected mosquitos' hanging 
around the 'ponds' and biting the 'uninfected persons' and making them 'infected persons.'/CC. S1 & S2: Looking at world; noticing the one 
'infected person' bitten by all the 'infected mosquitos' near each of the 'ponds' (no other 'persons' near the 'ponds' are bitten).  
 
SENTENTIAL ABDUCTIVE MOVES 
C. S1: "Um, that guy's got it."/E. S2: "Oi, oi, oi, oi, oi, a mosquito got it."; S1: "Ah one guy got, two people. Okay, we've got infected 
mosquitos...infected mozzies. Alright."; S2: "And two..."; S1: "Okay. That guy just got infected. Oh wait no, no he, yes he did. There's the original 
infected guy."/F. S1: "That guy just got infected."/G. S1: "Ahp."/H. S1: "Hey those mozzies just got infected."/I. S2: "So, so it's sort of clustered."; S1: 
"Yeah 'cause, um, the infected people were clustered around here. But that guy wandered down there. But he didn't get bitten...yet!"/J. S1: "Like 
three people got infected like around here. And then..."/L. S1: "That, those mosquitos just got infected."; S2: "Some people avoid ponds."; S1: "Ah, 
yeah."; S2: "Stay away from the ponds."; S1: "And it doesn't look like they're avoiding ponds."/Q. S1: "Yeah, he's screwed!"; S2: "He's..."; S1: 
"Wow...yep."/ R. S1: "Wow! All of these mosquitos are just feeding off one guy. All of these mosquitos are constantly feeding off one guy."/BB. S1: 
"Did the mozzie just die? The mozzie just randomly died!"/DD. S1: "Okay...he's infected."/HH. S1: "Wow! This glitch, this glitch!"; S2: "Yeah that's a 
bit of a glitch! I don't think this software's..." 
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
A. Computer 2: S4: Points to the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' 
are bitten)./B. Computer 2: S4: Points to the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' 
near the 'pond' are bitten)./D. Computer 2: S3: Points to the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' dying 
and the 'infected mosquitos' then biting other 'persons.'/E. Computer 2: S3 & S4: Points to the one 'infected person' bitten by all the 'infected 
mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./F. Computer 1: S1: Points to the one 'infected person' bitten by all 
the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./G. Computer 1: S1: Points to the one 'infected person' 
bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./H. Computer 2: S3: Points to the one 
'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./I. Computer 2: S3: 
Points to the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten). 
Figure 4-36 The timeline for 'noticing anomalies,' 'checking trends,' and 'physically and virtually pointing' for video segment 2 of episode 3 
1. Student        4. Noticing particular object achieve given task 
2. Use cursor to draw attention to relevant feature of image  5. Checking relationships between data in output (trends) 
3. Use finger/pen to draw attention to relevant feature of image 6. Verbalisation of noticing particular object achieve given task 
         7. Verbalisation of relationships between data in output (trends) 
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VISUAL ABDUCTIVE REASONING MOVES 
B. Computer 2: S1, S3, S4 & S5: Looking at world; noticing the trend of one 'infected person' near a 'pond' bitten by many 'infected mosquitos.'/C. 
Computer 2: S1, S3, S4 & S5: Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 
'persons' near the 'pond' are bitten)./D. Computer 2: S1, S2, S3, S4, S5 & S6: Looking at world; noticing the one 'infected person' bitten by all the 
'infected mosquitos' near one of the 'ponds' dying and the 'infected mosquitos' then biting other 'persons.'/E. Computer 2: S1, S2, S3, S4, S5 & S6: 
Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' 
are bitten)./G. Computer 2: S1, S2, S3, S4, S5 & S6: Looking at world; noticing the trend of the many 'infected mosquitos' near the 'pond' that no longer 
biting just the one 'infected person' and the increasing number of 'mosquitos' due to breeding./ 
J. Computer 1: S1, S2, S3, S4, & S5: Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no 
other 'persons' near the 'pond' are bitten)./K. Computer 2: S1, S3, S4 & S5: Looking at world; noticing the one 'infected person' bitten by all the 
'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./O. Computer 2: S3, S4 & S6: Looking at world; noticing the 
one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten). SENTENTIAL  
 
ABDUCTIVE REASONING MOVES 
B. S4: "Like this one. That's all they do, they just bite him!"/G. S3: "Aw, wait!"/I. S4: "But this guy, this guy is getting bitten."; S3: "That guy's dead."/M. 
S4: "Twice as many mosquitos as humans."/P. S1: "Because then this sort of thing doesn't happen. All the mosq..."; S2: "People becoming paralysed in a 
pond."; S1: "Yeah, all the mosquitos are targeting one guy."/Q. S2: "The mosquitos are biting the same guy and he can't move away."/AA. S4: "This guy 
is just, like..." 
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 These show the patterns of abductive reasoning moves as indicated by the 
arrows and boxes. S1’s and S2’s noticing of the key anomaly occurred early in the 
investigation after noticing key trends, which instigated a cycle of changing the 
variables to investigate the mystery. However their manipulations of the model were 
minimal once they established a likely solution, from that time on their abductive 
reasoning moves were mainly observational and sentential in nature as they 
elaborated their hypothesising to fit the real world. This process, as in the other two 
episodes, was multimodal and distributed in nature but also included the EO and 
other pairs of students. Exploring a few examples from selected model runs is 
illustrative. 
 Once the student established during MRD-1 that over time humans were not 
effective at avoiding ponds (trend 5), which led to infected mosquitos biting and 
infecting healthy humans over time (trend 1) and healthy mosquitos becoming 
infected by biting infected humans over time (trend 2), such that malaria could 
spread among humans and mosquitos (trend 3 and trend 4), they began their 
explorations proper. 
MR1: They adjusted the controls so humans did not avoid ponds (S in Figure 15) and 
they infected a healthy mosquito with malaria (W in Figure 4-35). The students 
observed trend 1 again, but also noticed that one healthy human near a pond 
was bitten by many infected mosquitos over time (key trend 1) (I in Figure 4-
35).  
Their verbalisations reflected their noticing of these  trends, identification with the 
human agent and the potential significance of these observations.  
MR1: See Q in Figure 4-35. 
Precisely why the students manipulated the model in this way is difficult to 
determine. They clearly identified humans avoiding or not avoiding ponds as an 
interesting factor, but this was more a half-thought emerging from intuition than a 
fully formed thought. But it found form as speculative hypothesising as the abductive 
reasoning chain extended to manipulations and observations of the model, which 
immediately led to an important finding. 
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MR1: The students noticed key anomaly 1: one infected human was bitten by all the 
 infected mosquitos near one of the ponds (no other humans near the pond 
 were bitten) (J in Figure 4-35).   
The students likely expected the mosquitos to roam and bite many humans, thus 
spreading malaria. Their surprise and confusion at this anomaly is evident in their 
verbalisations, which were formal extensions of their manipulations and observations 
of the model. 
MR1: See R in Figure 4-35. 
On sharing their findings with the DM in MRD-2, including using the key anomaly 
as the basis for hypothesising about controlling malaria in the real world, the students 
commenced a few more model runs, using the same variable settings, to overcome 
the key anomaly that the DM labelled as a glitch that needed resolving. 
MR2: See HH in Figure 4-35. However they noticed a different anomaly 
(anomaly 2) with the infected mosquito dying before biting any humans so that 
malaria disappeared (T in Figure 4-35).  
The students’ surprise and confusion (they seemingly expected the infected 
mosquitos to live long enough to spread malaria) was again evident in their 
verbalisations. 
MR2: See BB in Figure 4-35. 
They continued trying to resolve the key anomaly, while also expecting anomaly 2 to 
disappear. But on each occasion they noticed the trends (1, 2, 3, 4, 5, 6) and key 
trend 1 followed by the key anomaly. 
MRD-3: See JJ, V, X and DD in Figure 4-35.  
MRD-4: See MM, AA, CC and HH in Figure 4-35. 
Instead of resolving the glitch and thus the key anomaly by manipulating and 
observing the model, the students’ were further surprised and confused because it 
now appeared to affect all ponds, humans and mosquitos. So while they started to 
refer to this key anomaly as a glitch, the students were further excited by its potential 
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to inform their hypothesising about controlling malaria in the real world. Meanwhile 
the DM perceived the glitch as an unnecessary impasse to the students’ 
investigations. 
At this time S1 and S2 were joined in their investigations by the other pairs of 
students and EO. 
MRD-5: S1, S3, S4 and S5 observed the same key trend (B in Figure 4-36) and the 
same key anomaly (C in Figure 4-36) but on Computer 2, with S4 verbalising 
these observations (B in Figure 4-36). 
Therefore the key anomaly that formed the focus of S1’s and S2’s abductive 
reasoning was not restricted to their computer; the glitch was a general feature of the 
model that all student pairs noticed. 
However the mystery then took a different turn. 
MRD-5: S1, S2, S3, S4, S5 and S6 (D in Figure 4-36) then noticed, still looking at 
 Computer 2, the one infected human bitten by all the infected mosquitos 
 near one of the ponds dying over time (trend 7) and infected mosquitos 
 then biting other humans over time (trend 8), which S3 verbalised  (G in 
 Figure 4-36) as interesting and potentially important. 
The key anomaly seemed to be resolved, at least in regards to one pond. However 
S1, S2, S3, S4, S5 and S6 were more focused on the persistence of the key anomaly 
at other ponds, on Computer 2 and Computer 1, despite the DM trying to focus their 
attention on trends 7 and 8 that contradicted this hypothesis for controlling malaria in 
the real world. She still perceived the glitch, and the associated key anomaly, as a 
distraction; it did not accurately reflect the real world. But the students continued 
their chain of abductive reasoning by verbalising, at the EOs’ request, their 
manipulations and observations of the key anomaly. In so doing they also continued 
the expansion of the abductive reasoning system to include the other student pairs, 
EO and computers. 
MRD-5: See E and G in Figure 4-36, which S4 again commented on (I and M in 
 Figure  4-35). 
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MRD-6: See J, P and Q in Figure 4-36. 
S1 and S2, along with S3, S4, S5 and S6 were excited by the potential of this key 
anomaly to enable them to radically hypothesise in a speculative way about 
controlling malaria in the real world. And they continued in this way with their 
manipulative, visual and sentential abductive reasoning moves.  
MRD-7: See K, O and AA in Figure 4-36. 
 S1’s and S2’s noticing of trends always informed their noticing of key 
anomalies, which were always linked to observations and verbalisations involving 
the DM and model. So as in episode 1 and episode 2, the abductive reasoning was 
both multimodal and distributed. However, the abductive reasoning system was 
expanded to include the EO as well as other students and their computers. Unlike S3, 
S4, S5 and S6, these students only had iconic and indexical representations, in the 
form of the world, to interpret for their explorations. But they were able to identify 
with these agents to execute highly speculative hypothesising concerning the control 
of malaria in the real world. Once again the model not only generated the mystery, 
but also provided the students with the means to resolve this confusion, this time by 
affording the students’ radical reconsideration of what might be possible in reality. 
4.4.3 Looking at controls 
Figure 4-37 (did not occur in video segment 2) shows the pattern of abductive 
reasoning moves for the ‘looking at controls’ principle. By looking at the arrows and 
boxes it is evident that just like the other two episodes, S1 and S2 had to look at the 
controls in order to make changes to the model that enabled them to make their 
discovery and generate explanations. Again these manipulations and observations 
were accompanied by verbalisations that allowed the student not in direct control of 
the model to participate in the abductive reasoning. A brief description of some 
examples from a few model runs provides a clearer picture. 
MRD-1: The students looked at the ‘infect person’ button (D in Figure 4-37) 
 while they infected a human (C in Figure 4-37) and S1 said, “Infect a 
 person” (B in Figure 4-37). 
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1. Student    5. Halt image 
2. Re-ordering & changing relationships 6. Checking control (variable) 
3. Generation of image   7. Verbal instruction 
4. Transformation of image  8. Verbal comment on existing 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
B. S1: Looking at variable controls; the 'normal' button, the 'zoom-out' button, the 'zoom in' button, the 'num-ponds' slider, the 'mosquito.population' 
slider, the 'human.population' slider, the 'people-avoid-ponds?' switch, the 'min-pond-distance' slider, the 'setup' button and the 'go' button./D. S1 & 
S2: Looking at variable controls; the 'infect person' button./G. S1 & S2: Looking at variable controls; the 'infect person' button. /H. S1 & S2: Looking at 
variable controls; the 'people-avoid-ponds?' switch, the 'people-avoid-ponds?' switch again, the 'go' button, the 'setup' button, the 'people-avoid-
ponds?' switch again, the 'setup' button again, the 'go' button again and the 'infect mozzie' button./K. S1: Looking at variable controls; the 'go' 
button./M. S1: Looking at variable controls; the 'go' button./N. S1: Looking at variable controls; the 'go' button./P. S1: Looking at variable controls; the 
'go' button./Q. S1 & S2: Looking at variable controls; the 'setup' button, the 'people-avoid-ponds?' switch and the 'infect mozzie' button./U. S1 & S2: 
Looking at variable controls; the 'infect mozzie' button./Y. S1 & S2: Looking at variable controls; the 'infect mozzie' button.  
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
B. S1: "Infect a person."/M. S2: "Just turn it off."; S1: "I'm gonna turn it off."/O. S2: "And then turn on, and then turn on. Infect...infect one mozzie." /P. 
S1: "Okay, infect mozzie."/Y. S2: "Set up."/Z. S2: "So people avoid ponds 'off'."; S1: "Yeah. Infect one mozzie."/CC. S2: "Alright, try again. Infect another 
couple of mozzies, infect two." 
 
Figure 4-37 The timeline for 'looking at controls' for video segment 1 of episode 3 
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This manipulative abductive reasoning move could not take place without the 
associated visual abductive reasoning move. And the verbalisation endorsed this 
particular course of action.  
 The students also verbalised instructions based on looking at the controls, 
which determined the manipulation of the model.  
MR1: S2 instructed S1 to direct humans to not avoid ponds by turning off this 
switch, “Just turn it off” (M in Figure 4-37). He immediately did so (S in 
Figure  4-37) while the students looked at this control (H in Figure 4-37).  
S2’s verbal abductive reasoning move determined S1’s manipulative abductive 
reasoning move. S2, who never directly controlled the model, by using such 
verbalisations was able to meaningfully contribute to the manipulation of the model 
and thus remain an integral part of the abductive reasoning system. Unlike S3, S4, S5 
and S6, these students always agreed to the best course of action for their 
investigations such that S1 never made changes to the model that were not supported 
by S2, and S1 always supported the instructions verbally provided by S2. 
During the group discussion (video segment 2) none of the students looked at 
the controls in order to manipulate the model. And at no time did S1 and S2 look at 
the controls as a reference point to anchor their hypothesising, which did occur in the 
other two episodes. Rather the students were focused on observing the trends and key 
anomaly; their ideas were less bound up in the controls and more closely linked to 
the agents acting in the world. 
So yet again the manipulating of the model was not executed by one student, 
but rather involved both students, the DM and EO, with input at times from the other 
student pairs. The simple act of looking at the controls was in fact a multimodal 
package consisting of manipulations and verbalisations of the model. This enabled 
the abductive reasoning to be distributed, in particular allowing the meaningful 
involvement of S2 who may otherwise have occupied the periphery of this abductive 
reasoning system.  
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4.4.4 Physically and virtually pointing 
The arrows and boxes outlining the pattern of abductive reasoning moves in the 
timelines shown in Figure 4-38, Figure 4-39 and Figure 4-40 demonstrate that S1 and 
S2 physically and virtually pointed to relevant information on screen. As occurred in 
the other two episodes, their hypothesising was at times embodied. Once again this 
pointing enabled the student not in control of the model to more meaningfully 
contribute to the abductive reasoning, and also permitted the expansion of the 
abductive reasoning system to include the other student pairs, their computers as well 
as the EO. But unlike S3, S4, S5 and S6, these students also pointed as an integral 
part of their verbal hypothesising such that this formal end of the abductive 
reasoning spectrum was simultaneously buttressed by the informal end. A look at 
some model runs as examples is useful. 
 This virtual and physical pointing firstly informed the students’ noticing of 
the trends and key anomaly. 
MR1: S1 virtually pointed to the one uninfected human near one of the ponds bitten 
by many infected mosquitos (X in Figure 4-38) to draw attention to key trend 
1 (trend 6) (I in Figure 4-38), which he also verbalised (Q in Figure 4-38). 
Once these trends were flagged as significant more pointing followed. 
MR1: S1 then physically pointed to the one infected human bitten by all infected 
mosquitos near one of the ponds (AA in Figure 4-38) that constituted key 
anomaly 1 (J in Figure 4-38), which he also verbalised (R in Figure 4-38).  
This pointing firstly focused the students’ attention on the trend and then the key 
anomaly. These visual abductive reasoning moves that instigated the abductive 
reasoning were packaged with particular manipulations of the model and associated 
verbalisations. 
 As with the two other episodes, these students sometimes did more than just 
point.
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 1. Student       8. Checking control (variable) 
2. Re-ordering & changing relationships    9. Noticing particular object achieve given task 
3. Generation of image      10. Checking relationships between data in output (trends) 
4. Transformation of image     11. Verbal instruction 
5. Halt image       12. Verbal comment on existing 
6. Use cursor to draw attention to relevant feature of image 13. Verbalisation of noticing particular object achieve given task 
7. Use finger/pen to draw attention to relevant feature of image 14. Verbalisation of relationships between data in output (trends) 
Figure 4-38 The timeline for 'physically and virtually pointing' for video segment 1 of episode 3 
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MANIPULATIVE ABDUCTIVE REASONING MOVES 
E. S1: Points to the 'infected persons' and the 'infected mosquitos.'/F. S1: Points to the 'uninfected person' that just got bitten by the 'infected 
mosquitos' and so is now an 'infected person'.; Points to the 'infected person' that was the first 'uninfected person' to be infected with 'malaria.'/G. 
S1:  Points to the 'uninfected person' that just got bitten by the 'infected mosquitos' and so is now an 'infected person'.; Points to another 'uninfected 
person' that just got bitten by the 'infected mosquitos' and so is now an 'infected person.'/H. S1: Points to the 'uninfected mosquitos' biting the 
'infected person' and making them 'infected mosquitos.'/I. S2: Circles the clustering of the 'infected humans' and the 'infected mosquitos' near each 
of the 'ponds.'/J. S1: Circles the clustering of the 'infected persons' and the 'infected mosquitos' near each of the 'ponds.'; Points to the 'infected 
person' that was the first 'uninfected person' to be infected with 'malaria' but has yet to be bitten by the 'uninfected mosquitos' and which is not 
clustered with the other 'infected persons' and 'infected mosquitos.'; Points to the 'uninfected mosquitos' near the 'infected person' that was the first 
'uninfected person' to be infected with 'malaria' and they are yet to bite this 'infected person.'/K. S1: Circles the 'pond' where the 'uninfected 
persons' got infected with 'malaria' to produce the clustering of 'infected persons.'/L. S1: Points to multiple 'uninfected mosquitos' biting an 
'infected person' and making them 'infected mosquitos.'/M. S2: Points to the 'people-avoid-ponds?' switch./N. S1: Points to the 'people-avoid-
ponds?' switch; Circles the 'ponds' and the 'persons' near the 'ponds'; Points again to the 'people-avoid-ponds?' switch./O. S2: Points to the 'people-
avoid-ponds?' switch./Q. S2: Points to the 'people-avoid-ponds?' switch./V. S2: Points to the 'people-avoid-ponds?' switch; Points to the 'infect 
mozzie' button./X. S1: Points to the one uninfected 'person' near one of the 'ponds' bitten by many 'infected mosquitos.'/Y. S1: Points to the one 
'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./AA. S1: Points to the 
one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./EE. S1: Points to 
the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./GG. S2: Points 
to the 'people-avoid-ponds?' switch and the 'infect mozzie' button./II. S2: Points to the 'infect mozzie' button./KK. S1: Points to the 'infected person' 
that bitten by the 'infected mosquitos' 'making them an 'infected person.'/LL. S1: Points to the one 'infected person' bitten by all the 'infected 
mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./NN. S1: Points to the one 'infected person' bitten by all the 
'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten). 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES (See previous figures) 
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1. Student       7. Use finger/pen to draw attention to relevant feature of image 
2. Re-ordering & changing relationships    8. Checking control (variable) 
3. Generation of image      9. Noticing absence of particular object  
4. Transformation of image     10. Noticing particular object achieve given task 
5. Halt image       11. Checking relationships between data in output (non-trends) 
6. Use cursor to draw attention to relevant feature of image 12. Checking relationships between data in output (trends) 
        13.Verbalisation of hypothesis   
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
D. S1: "I'm just gonna see what happens with, ah..."/N. S1: "And see what happens."/W. S1: "This is actually quite an effective way to contain 
malaria. Just get one guy to just..."/FF. S1: "Um..."; S2: "Yep."; S1: "Yes. Un...Unless one guy decides to hang around the pond and they just get 
trapped."/JJ. S1: "The best way to con...contain malaria."/MM. S1: "The best way to contain malaria." 
Figure 4-39 The timeline for 'physically and virtually pointing' and 'verbalising hypotheses' for video segment 1 of episode 3 
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1. Student       6. Noticing particular object achieve given task 
2. Use cursor to draw attention to relevant feature of image 7. Checking relationships between data in output (trends) 
3. Use finger/pen to draw attention to relevant feature of image8. Verbalisation of hypothesis 
4. Use body to express hypothesis    9. Verbal comment on hypothesis   
5. Looking at information     10. Verbalisation of noticing particular object achieve given task  
        11. Verbalisation of relationships between data in output (trends) 
         MANIPULATIVE ABDUCTIVE REASONING MOVES 
C. S3: Moves both hands up and down to indicate a dummy and then moves both hands up and down to indicate placing blood bags on the dummy. Moves 
both hands up and down in succession to emphasise verbalisation. 
 
VISUAL ABDUCTIVE REASONING MOVES 
F. Computer 1: S1: Looking at world and variable controls; specific parts of world and variable controls indeterminate (model in general)./I. Computer2: 
S3 & S4: Looking at world and variable controls; specific parts of world and variable controls indeterminate (model in general)./M. Computer 2: S4: 
Looking at world and variable controls; specific parts of world and variable controls indeterminate (model in general)./N. Computer 1: S1: Looking at 
world and variable controls; specific parts of world and variable controls indeterminate (model in general). 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
D. S1: "The best way to control malaria."/E. S3: "Would this work in real life? Just like get a dummy, three blood bags. There...done."/K. S1: "Um, having 
people avoid ponds actually makes it spread faster because then the glitch doesn't happen."/U. S5: "They'd find a person."/X. S5: "You could set them up 
so they couldn't be bitten, so it wouldn't transport."; S3: "Or poison them with another bag."/Z. S5: "Can we put a copyright?"; S3: "Yep, we got this." 
 
Figure 4-40 The timeline for 'physically and virtually pointing' and 'verbalising hypotheses' for video segment 2 of episode 3 
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MRD-1: S2 physically circled the clustering of infected humans and infected 
 mosquitos near each of the ponds (I in Figure 4-38), which he also verbalised 
 (I in Figure 4-38) and in so doing established trend 3 (F in Figure 4-38).  
S2 achieved a similar outcome using the cursor. 
MR2: He virtually circled the pond where the uninfected humans were infected 
 with malaria to produce the clustering of infected humans (K in Figure 4-
 38) and so reinforced the significance of trend 3 (F in Figure 4-38), which he 
 then verbalised (J in Figure 4-38). 
The students were embodying the trends and key anomaly that underpinned their 
abductive reasoning, which was thus clearly packaged as manipulations, 
observations and verbalisations. The students were constructing their abductive 
reasoning chain. But more than this, S2 used this manipulative abductive reasoning 
move to overcome the limitations of not controlling the model and so reinforced his 
role as part of the abductive reasoning system. He achieved a similar outcome by 
physically pointing to controls that S1 then adjusted. 
MR1: When S2 verbally instructed S1 to direct the people to not avoid ponds (M  in 
 Figure 4-38) he also physically pointed to this switch on screen (Q in Figure 
 4-38), while looking at the control (H in Figure 4-38). 
 During the group discussion, this physical and virtual pointing played a vital 
role in establishing the expanded abductive reasoning system. 
MRD-5: S4, on two occasions in quick succession, physically pointed to the 
 one infected human bitten by all infected mosquitos near one of the ponds on 
 Computer 2 (A and B in Figure 4-40) and verbalised (B in Figure 4-40) this 
 key anomaly (C in Figure 4-40). 
S1, S2, S3 and S5 shared this observation, and in so doing the model running on 
Computer 2, and the associated observations and verbalisations, became a part of 
S1’s and S2’s exploration of the mystery; their abductive reasoning was further 
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distributed across students and computers. They then continued to expand this 
system. 
MRD-6: S1, on two occasions in quick succession, virtually pointed on Computer 
 1 to the one infected human bitten by all infected mosquitos near one of the 
 ponds (F and G in Figure 4-40). When highlighting this key anomaly (J in 
 Figure 4-40) they and S2 also verbalised the observation (Q and P in 
 Figure 4-40). 
S3, S4 and S5 shared this observation and so were further embedded in the abductive 
reasoning system of S1 and S2. As the system expanded it became more powerful in 
its abductive reasoning as the hypothesising become creative and speculative. 
 This increasing power of the expanded abductive reasoning system was 
evident in the way physical and virtual pointing often accompanied the verbal 
hypothesising to form potent multimodal packages.  
MRD-2: When S1 verbally hypothesised the means for controlling malaria in real 
life they virtually pointed on their computer to the one infected human bitten 
by all the infected mosquitos near one of the ponds (EE and P Figure 4-39) to 
focus attention on the key anomaly (P Figure 4-39). While saying, “This is 
actually quite an effective way to contain malaria. Just get one guy to just...” 
(W in Figure 4-49).  
MRD-5: When S4 physically pointed on Computer 2 to the one infected human 
bitten by all infected mosquitos near one of the ponds (A and B in Figure 4-40) 
and verbalised (B in Figure 4-40) this key anomaly (C in Figure 4- 40), S1 
verbally hypothesised once again: “The best way to control malaria” (D in 
Figure 4-40). 
S1 did not just verbalise but also relied on virtual and physical pointing to the key 
anomaly in order to hypothesise. He was not ready to formalise ideas in purely 
sentential form; S1’s and S2’s ideas were still bound up with their observations and 
manipulations of the model, both those occurring on their computer and on 
Computer 2. The students were not yet ready to solely hypothesise at the formal end 
of the abductive reasoning spectrum. S1’s and S2’s hypothesising was manifest not 
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only in their observations and manipulations of the model, but also with the 
equivalent abductive reasoning moves of the other students, in particular S3 and S4. 
 As in episode 1 and episode 2, S1’s and S2’s virtual and physical pointing 
captures the multimodal, distributed and embodied nature of the abductive reasoning. 
It ensured, by pairing with observations and verbalisations, that not only were the 
students, DM, model and iPad valued parts of the abductive reasoning system but so 
to were the other pairs of students, their computers and the EO. This pointing 
enabled the students to hypothesise even if they could not fully articulate their ideas 
in verbal form. 
4.4.5 Verbal hypothesising 
The ‘verbal hypothesising’ principle had a different form for S1 and S2 compared to 
the other two episodes. The timelines shown in Figure 4-39 and Figure 4-40 
(preceding pages), in particular the pattern of abductive reasoning moves outlined by 
the arrows and boxes, make this clear. S1’s and S2’s verbal hypothesising was 
somewhere in between that of S3 and S4 and that of S5 and S6. In all episodes, the 
students’ verbal hypothesising was preceded by manipulative and visual abductive 
reasoning moves and followed by further manipulations and observations of the 
model, but to varying degrees. The verbal hypothesising was a continuation of the 
abductive reasoning process and not an end point. However while S1 and S2 were 
more comfortable than S5 and S6 to explore this formal end of the abductive 
reasoning spectrum (i.e. articulate their ideas in verbal form), their hypothesising was 
more tightly bound up in their manipulations and observations of the model than that 
of S3 and S4. In addition, unlike the students exploring the other two mysteries, S1 
and S2 were able to expand their abductive reasoning system to include other 
students, their computers and the EO. In doing so their hypothesising was made even 
more creative and speculative, which was most evident in their verbal hypothesising. 
 These students’ verbal hypothesising was also different from those of episode 
1 and 2 because they constituted possible means to control malaria in the real world. 
S3, S4, S5 and S6 were more concerned with generating explanations for the model 
itself and/or the broader body of scientific knowledge. Unlike S1 and S2, they did 
not make the connection between the model and the real world. Exploring some 
examples from particular model runs is useful.  
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 These students’ verbal hypothesising about means to control malaria in the 
real world directly emerged from their manipulations and observations of the model.  
MRD-2: S1 suggested, “This is actually quite an effective way to contain malaria. 
Just get one guy to just...” (W in Figure 4-39), while he virtually pointed (EE in 
Figure 4-39) to the key anomaly (P in Figure 4-39).  
He then repeated this same verbal hypothesising and pointing in MRD-3 and MRD-
4. On each occasion the students’ hypothesising was not solely verbal. This verbal 
hypothesising did not consist of standalone sentential abductive reasoning moves, 
but rather these verbalisations formalised the students’ ideas that emerged from their 
prior manipulations and observations of the model. They were packages consisting 
not only of verbalisations but also pointing that drew attention to the important 
observations that underpinned the hypothesising. This chain of abductive reasoning, 
which involved both formal and informal ends of the abductive reasoning spectrum, 
had more explanatory and creative power than reasoning in a single mode. Only by 
manipulating and observing the model could the students speculatively hypothesise 
about the real world in such a radical way. The model was based on, but not 
determined by, reality and so the students could interact with it to radically reimagine 
the real world. 
 S1 and S2, as occurred in the other two episodes, also sometimes verbally 
hypothesised about what the model would do/could do as opposed to explanations of 
what had already transpired.  
MRD-1: S1 said, “I'm just gonna see what happens with, ah...” (D in Figure 
 50), after observing an infected human (E in Figure 4-39) and then infecting 
 some humans with malaria (D in Figure 4-39).  
He wanted to investigate what would happen to humans and mosquitos if more 
infected humans were present. So again the students were not able to fully articulate 
in verbal form their ideas, and so they hypothesised by manipulating and observing 
the model. The verbalisation marked the manipulative and visual abductive 
reasoning moves that were to follow, which would continue the chain of 
hypothesising. 
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 The verbal hypothesising about controlling malaria in the real world 
continued to develop during the group discussion as the abductive reasoning system 
expanded.  
MRD-5: S1 again proposed, “The best way to control malaria” (D in Figure 4-40), 
but on this occasion while observing the key anomaly (C in Figure 4-40) on 
Computer 2 as S4 physically pointed it out (A and B in Figure 4-40).  
So once again the verbal hypothesising concerned controlling malaria in the real 
world and was directly linked to certain manipulations and observations of the 
model. But this abductive reasoning was distributed across more students and their 
computers, and so the hypothesising grew more convincing.  
 S1 then verbally hypothesised in a way that was more formally articulated 
than the previous hypothesising. It still concerned controlling malaria in the real 
world, but related more directly to the model.  
MRD-5: He explained, “Um, having people avoid ponds actually makes it  spread 
 faster because then the glitch doesn't happen” (K in Figure 4-40), while 
 looking at the model on Computer 1 as a reference (F in Figure 4-40).  
He was adding something new via the verbal hypothesising by explicitly articulating 
that directing people to not avoid ponds was a more effective way to prevent the 
spread of malaria than directing people to avoid ponds. Again this idea was 
counterintuitive based on the real world, but it was supported by the model. So while 
the students were further formalising, through abstraction, their ideas, these ideas 
were still constitutive of their manipulations and observations of the model. The 
students’ ideas were manifest as a chain of multimodal abductive reasoning (i.e. 
hypothesising), not as standalone products (i.e. hypotheses). 
 As other students contributed to the abductive reasoning, in particular S3 and 
S5, the verbal hypothesising become more generative of new ideas that were even 
more speculative.  
MRD-5: S3 suggested, “Would this work in real life? Just like get a dummy, 
 three blood bags. There…done,” (E in Figure 4-40) while he looked at the 
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 key anomaly on Computer 2 (C in Figure 4-40) and gestured placing blood 
 bags (C in Figure 4-40). 
MRD-7: S5 then proposed, “You could set them up so they couldn't be bitten, so  it 
 wouldn't transport,” and S3 added, “ Or poison them with another bag” (X  in 
 Figure 4-40), as they looked at the model as a reference (M in Figure 4- 40).  
By collaborating and sharing their manipulations of the model and observations of 
the key anomaly, often via verbalisations, the students had extended their verbal 
hypothesising to address the queries of the DM and EO concerning the realities of 
the real world. While their ideas were still somewhat problematic when applied to 
reality, they were still constitutive of highly creative and speculative hypothesising to 
control malaria in the real world. While this verbal hypothesising was a direct 
continuation of the abductive reasoning chain, extending from the students’ 
manipulations and observations of the model, these verbalisations added something 
new that drew on the students’ explanatory frameworks of the epidemiology of 
malaria in the real world. While S1 and S2 did not directly express these verbal 
hypotheses, they were still part of the distributed system from which this 
hypothesising emerged. 
 As in the other two episodes, while the verbal hypothesising may have 
generated new ideas, it was still a formal link in the chain of the students’ abductive 
reasoning that began with their manipulations and observations of the models (i.e. 
the informal links). It was not the end point of the abductive reasoning but rather a 
continuation of the process into the formal part of the abductive reasoning spectrum. 
The additional creativity that resulted in this highly speculative hypothesising, which 
challenged existing ideas (both those of the students, DM and EO) about controlling 
malaria in the real world, emerged from the expanded abductive reasoning system. 
The input of more students and their interactions with the models was highly 
productive for abductive reasoning. 
4.4.6 Textual and pictorial hypothesising 
As can be seen in the timelines displayed in Figure 4-41 and Figure 4-42, S1’s and 
S2’s formal hypothesising, just like that of S3 and S4, was not only textual but also 
pictorial.  
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1. Student       11. Noticing particular object achieve given task      
2. Re-ordering & changing relationships    12. Checking relationships between data in output (non-trends)   
3. Generation of image      13. Checking relationships between data in output (trends)   
4. Transformation of image     14. Verbalisation of hypothesis     
5. Halt image       15. Verbalisation of noticing absence of particular object     
6. Use cursor to draw attention to relevant feature of image 16. Verbalisation of noticing particular object achieve given task 
7. Use finger/pen to draw attention to relevant feature of image 17. Pictorialisation of noticing particular object achieve given task 
8. Inspection of iPad      18. Verbalisation of relationships between data in output (trends) 
9. Checking control (variable)     19. Textualisation of relationships between data in output (trends) 
10. Noticing absence of particular object    20. Verbal comment on existing representation 
         
             
         
Figure 4-41 The timeline for 'textual and pictorial hypothesising' for video segment 1 of episode 3 
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MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
A. S2: Looking at iPad; images and text./L. S1 & S2: Looking at iPad; images and text./S. S2: Looking at iPad; images and text./W. S2: Looking at 
iPad; images and text./BB. S2: Looking at iPad; images and text./DD. S2: Looking at iPad; images and text. 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
T. S2: Taking picture with iPad of the world in which all 'infected mosquitos' near each of the 'ponds' are biting the one 'infected person' and no 
other 'persons' near the 'ponds' are bitten (picture not used)./V. S2: Writing on iPad; "When people don't avoid ponds in a malaria infected, the 
disease spreads faster." (See figure for details)./AA. S2: Writing on iPad; "When people don't avoid ponds in a malaria infected, the disease spreads 
faster." (See figure for details)./EE. S2: Writing on iPad; "When people don't avoid ponds in a malaria infected, the disease spreads faster."; "High 
population of Mosquitos and high population of human spreads malaria fast, high population of humans and low population of Mosquitos means 
the disease spreads slowly." (See figure for details)./GG. S2: Writing on iPad: "When people don't avoid ponds in a malaria infected, the disease 
spreads faster."; "High population of Mosquitos and high population of human spreads malaria fast, high population of humans and low population 
of Mosquitos means the disease spreads slowly." (See figure for details)./KK. S2: Writing on iPad: "When people don't avoid ponds in a malaria 
infected, the disease spreads faster."; "High population of Mosquitos and high population of human spreads malaria fast, high population of 
humans and low population of Mosquitos means the disease spreads slowly." (See figure for details)./PP. S2: "This one doesn't look too good."; S1: 
"This one looks worse."/QQ. S2: Taking picture with iPad of the world in which all 'infected mosquitos' near each of the 'ponds' are biting the one 
'infected person' and no other 'persons' near the 'ponds' are bitten. (See figure for details). 
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1. Student       8. Checking relationships between data in output (trends) 
2. Use cursor to draw attention to relevant feature of image 9. Verbalisation of hypothesis 
3. Use finger/pen to draw attention to relevant feature of image10. Textualisation of hypothesis 
4. Use body to express hypothesis    11. Verbal comment on hypothesis   
5. Inspection of iPad      12. Verbalisation of noticing particular object achieve given task     
6. Looking at information     13. Verbalisation of relationships between data in output (trends) 
7. Noticing particular object achieve given task  14. Textualisation of relationships between data in output (trends) 
        15. Verbal comment existing representation.      
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES 
A. S2 & S6: Looking at iPad; images and text./H. S6: Looking at iPad; images and text./L. S2, S5 & S6: Looking at iPad; images and text. 
 
 
Figure 4-42 The timeline for 'textual and pictorial hypothesising' for video segment 2 of episode 3 
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SENTENTIAL ABDUCTIVE REASONING MOVES 
A. S2: Writing on iPad; "When people don't avoid ponds in a malaria infected, the disease spreads faster."; "High population of Mosquitos and 
high population of human spreads malaria fast, high population of humans and low population of Mosquitos means the disease spreads 
slowly."; "SCA is affected by malaria, Malaria needs Mosquitos to spread, Mosquitos need high rainfall and temperature."; S6: Writing on iPad; 
"When there are lots of people and not many mosquitos, spread slow. When there are lots of mosquitos and not many people, spread is fast." 
(See figure for details)/L. S3: "It's actually working now."/N. S6: Writing on iPad; "To avoid mosquitos, avoid ponds."; "A possible way to 
prevent the outbreak of malaria, they could use a dummy with a blood bank and stick it in an area with a pond."/O. S2: Writing on iPad; "When 
people don't avoid ponds in a malaria infected, the disease spreads faster."; "High population of Mosquitos and high population of human 
spreads malaria fast, high population of humans and low population of Mosquitos means the disease spreads slowly."; "SCA is affected by 
malaria, Malaria needs Mosquitos to spread, Mosquitos need high rainfall and temperature."; S6: Writing on iPad; "When there are lots of 
people and not many mosquitos, spread slow. When there are lots of mosquitos and not many people, spread is fast." (See figure for details)/S. 
S3: "According to this it works. According to this, yes."/V. S6: Writing on iPad; "To avoid mosquitos, avoid ponds."; "A possible way to prevent 
the outbreak of malaria, they could use a dummy with a blood bank and stick it in an area with a pond."/W. S2: Writing on iPad; "When people 
don't avoid ponds in a malaria infected, the disease spreads faster."; "High population of Mosquitos and high population of human spreads 
malaria fast, high population of humans and low population of Mosquitos means the disease spreads slowly."; "SCA is affected by malaria, 
Malaria needs Mosquitos to spread, Mosquitos need high rainfall and temperature."; S6: Writing on iPad; "When there are lots of people and 
not many mosquitos, spread slow. When there are lots of mosquitos and not many people, spread is fast." (See figure for details) 
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They took photographs of the data that underpinned their hypothesising, which along 
with the text created a symbolic as well an iconic means to formalise their ideas. The 
annotated image is shown in Figure 4-43. The arrows and boxes on the timelines 
marking out the pattern of abductive reasoning moves playing out across the 
different model runs make clear that these students, as occurred in the other two 
episodes, used the iPad as an inscription device to extend the abductive reasoning 
chain to the most formal part of the abductive reasoning spectrum. The photographs 
enhancing the students’ causal narrative by strengthening the link between their ideas 
and evidence. They were snapshots of the students’ visual abductive reasoning 
moves. Similarly to S5 and S6, but unlike S3 and S4, these students initiated this 
inscription process themselves without direction from the DM, thus exploiting the 
value of the iPad to make more mobile and less mutable their ideas. Some examples 
from various model runs is informative. 
 Soon after the students noticed and verbalised the key anomaly for the first 
time they set about recording this with the iPad. 
MR1: S2 photographed the world in which all infected mosquitos near one of the 
ponds were biting the one infected human and no other humans near the 
ponds were bitten (See T, J in Figure 4-41). 
This was done without prompting from the DM. By taking this photo they were 
fixing in iconic form the key anomaly that underpinned their hypothesising about 
controlling malaria in the real world. They were further extending their chain of 
abductive reasoning from the manipulative and visual domains into the formal part of 
the abductive reasoning spectrum, beyond even the verbal. While the students did not 
retain this image as a part of their final inscription, it still influenced their 
textualisation of the key anomaly and trends that reoccurred over next few model 
runs as they verbalised these observations and continued their verbal hypothesising. 
 MRD-2: See V and AA in Figure 4-41 and Figure 4-43. 
MRD-3: See EE in Figure 4-41 and Figure 4-43. 
MRD4: See GG and KK in Figure 4-41 and Figure 4-43. 
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When the students noticed that the key anomaly was affecting all agents in the world, 
they recognised this as important to fix in photographic form. 
MRD-4: S2 remarked, “This one doesn't look too good,” which S1 confirmed, “This 
one looks worse” (PP in Figure 4-41), as they noticed that all ponds, not just 
one pond, now had in their vicinity an infected human that attracted all 
mosquitos in the area (CC in Figure 4-41). They soon took a photograph of 
this observation (QQ in Figure 4-41 and Figure 4-43). 
 
 
 
 
 
 
The students were verbally marking the data output as worthy of photographing 
because the key anomaly had become more surprising and confusing; the whole 
world was now affected by the glitch! This image was then paired with the text they 
had just generated, and with additional text they created to further record the trends 
and key anomaly that underpinned their hypothesising.  
MRD-5: See A, O, W in Figure 4-42 and Figure 4-43. 
Through this process of abstraction, in the form of text, and photography the students 
were beginning to construct a coherent causal narrative of the mystery that could be 
shared with others. It made explicit, particularly in the form of the image, their 
hypothesising as manifest in their idea to control malaria in the real world. The 
annotated image formalised their manipulations and observations of the model and 
the associated verbalisations. 
 Once again the students used the iPad as an inscription device to formalise, 
and make explicit, their ideas that were manifested in their manipulations and 
observations of the model. They did so with success, not struggling like S3, S4, S5 
Figure 4-43 The students' annotated image 
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and S6 to shift from the informal parts of the abductive reasoning spectrum to the 
formal parts. The power of photography enabled them to capture in-full the iconic 
representations (i.e. the agents in the world) that defined their interactions with the 
model. These sentential abductive reasoning moves were packaged with related 
manipulative and visual abductive reasoning moves and emerged from the abductive 
reasoning system; they were an extension of the multimodal abductive reasoning 
chain. 
4.4.7 Asking questions 
The pattern of abductive reasoning moves in the timeline shown in Figure 4-44 (did 
not occur in video segment 2), highlighted by the arrows and boxes, shows that S1 
and S2 only posed a single question. This was not a question per se, but rather the 
verbalisation of uncertainty, similar to that exhibited in episode 2. This form of the 
‘asking questions’ principle might seem less significant compared to the other two 
episodes, however this single question informed the students’ manipulative and 
visual abductive reasoning moves. Just like S3, S4, S5 and S6, these students 
preferred to manipulate and observe the model to resolve their confusion rather than 
ask questions. 
 Early on in their investigations, the DM asked the students whether they were 
recording their findings.  
MRD-1: S2 replied, “Well we're not sure what we're finding, but...” (K in  Figure 4-
 44). 
S2 was arguing that because they did not yet fully understand what they were 
exploring with the model, having just observed the trends for the first time, they 
could not record their findings on the iPad. He was verbally articulating that they 
could not yet formalise, using the iPad as an inscription device, their ideas because 
they were still embedded in their manipulations and observations of the model. The 
students were aware that they were not yet ready to extend the chain of abductive 
reasoning to this level of formalness; they were not ready to explore this most formal 
part of the abductive reasoning spectrum. 
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1. Student       5. Halt image 
2. Re-ordering & changing relationships    6. Use cursor to draw attention to relevant feature of image 
3. Generation of image      7. Use finger/pen to draw attention to relevant feature of image 
4. Transformation of image     8. Checking relationships between data in output (trends) 
        9. Verbalisation of uncertainty 
 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
K. S2: "Well we're not sure what we're finding, but..." 
 
Figure 4-44 The timeline for 'asking questions' for video segment 1 of episode 3 
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 As with the questions posed by the students in the other two episodes, the 
question posed by S1 and S2 served an important purpose for abductive reasoning 
but in a different way. Rather than directly determining the students’ visual and 
manipulative abductive reasoning moves, their verbalisation of uncertainty defined 
the purpose of the iPad. The iPad was an inscription device that was central to the 
formal aspects of abductive reasoning; not a device to capture what one did not yet 
understand. The students needed to meaningfully manipulate and observe the model, 
and generate relevant verbalisations, before formalising their ideas through 
textualisation and pictorialisation. They needed to construct a multimodal chain of 
abductive reasoning. 
4.4.8 Giving instructions 
The ‘giving instructions’ principle was similar in this episode to the other two 
episodes, with S1 and S2 providing verbal instructions for representing their findings 
as well as verbalising their intent to continue the investigation. These instructions 
were in addition to the ‘looking at the controls’ principle. This can be seen by 
following the pattern of abductive reasoning moves outlined by the arrows and boxes 
in the timeline shown in Figure 4-45 (did not occur in video segment 2). These 
verbalisations enabled the students to make use of the iPad as an inscription device, 
including the student not in direct control of the iPad. By verbalising their intent to 
investigate, the students provided impetus for continuing their investigations and 
extending their abductive reasoning chain. Further details are provided with some 
illustrative examples. 
Soon after the students first noticed and verbalised the key anomaly, they 
verbally expressed the need to photograph their findings.  
MR1: S2 said, “Okay, let's take some photos,” (S in Figure 4-45) to which S1 
 enthusiastically agreed, “Get a photo of this!” (U in Figure 4-45).  
Following which S2 photographed the key anomaly and later annotated this image. 
The students agreed that their ideas, which were manifested in their manipulations 
and observations of the model, needed to be inscribed in image and text form to 
formalise them, thus making their ideas explicit and easier to share with others. The 
students verbalised and then realised the power of formalising their hypothesising. 
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1. Student       7. Use finger/pen to draw attention to relevant feature of image 
2. Re-ordering & changing relationships    8. Inspection of iPad 
3. Generation of image      9. Noticing particular object achieve given task 
4. Transformation of image     10. Checking relationships between data in output (non-trends) 
5. Halt image       11. Verbalisation of intent to investigate 
6. Use cursor to draw attention to relevant feature of image 12. Verbal instruction to represent 
MANIPULATIVE ABDUCTIVE REASONING MOVES (See previous figures) 
 
VISUAL ABDUCTIVE REASONING MOVES (See previous figures) 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
A. S1: "Okay, so, um..."/S. S2: "Okay, let's take some photos."/U. S1: "Get a photo of this!"/NN. S2: "No, let's, let's, let's. I'm gonna take 
another photo." 
 
Figure 4-45 The timeline for 'giving instructions' for video segment 1 of episode 3 
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 At the beginning of their investigation, S1 verbalised their intent to 
investigate. 
MRD-1: He said, “Okay, so, um...” (A in Figure 4-45). This can be interpreted as: 
 “Okay, so, um what is going on here?”  
The students had only just observed the presence of the different agents and were 
verbally indicating the need to explore the model in order to work out what was 
going on. This verbalisation was a sentential abductive reasoning move that directly 
led S1 and S2 to manipulate and observe the model to explore the epidemiology of 
malaria. It was a verbalisation marking the status of their following interactions with 
each other, the other students, DM, EO and model as exploratory and speculative in 
nature; in other words as abductive reasoning. The students were supporting and 
encouraging themselves to engage in abductive reasoning. 
These verbal instructions, much like the verbal instructions to change the 
variables, reflected and produced specific manipulative and visual abductive 
reasoning moves. They were integral to the students’ use of the iPad to extend their 
abductive reasoning chain to the formal end of the abductive reasoning spectrum. By 
articulating their intent to investigate, the students determined what was to follow as 
abductive reasoning and gave themselves license to inquire in this way. 
4.4.9 The demonstrator’s abductive reasoning moves 
All of the DM’s and EO’s abductive reasoning moves are shown in the timelines in 
Figure 4-46 and Figure 4-47. The arrows flowing across the different model runs 
make clear once again that the DM’s and EO’s abductive reasoning moves, just like 
those of the students, were multimodal packages that emerged from their interactions 
with each other, the students and model. Again their abductive reasoning moves 
often mirrored those of the students, however they were also able to significantly 
shape what the students did, saw and said. This modelling of abductive reasoning by 
the DM and EO was made more powerful via their intimate involvement in the 
abductive reasoning process, in particular through their commenting on the students’ 
hypothesising. As occurred in episode 2 but not during episode 1, the DM and EO 
did not simply oversee the students’ abductive reasoning but were actively involved 
in this reasoning.  
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31. More knowledgeable other      37. mko-Verbal comment on hypothesis  
32. mko-Use finger/pen to draw attention to relevant feature of image 38. mko-Verbal instruction      
33. mko-Checking control (variable)     39. mko-Verbalisation of drawing attention to relevant feature of image  
34. mko-Noticing particular object achieve given task   40. mko-Verbalisation of noticing particular object achieve given ta  
35. mko-Checking relationships between data in output (non-trends) 41. mko-Verbalisation of relationships between data in output (non-trends)  
36. mko-Checking relationships between data in output (trends)  42. mko-Verbalisation of relationships between data in output (trends)  
  
 
    
    
         
MANIPULATIVE ABDUCTIVE REASONING MOVES 
a. D: Points to the 'infect person' button and then the 'infect mozzie' button./b. D: Points to the one 'infected person' near one of the 'ponds 
bitten by many 'infected mosquitos.'/c. D: Points to the 'infect mozzie' button and circles the different 'ponds' where the 'mosquitos' could 
inhabit. 
 
 
1.1.1.8 Figure 62. The timeline for ‘the DM’s and EO’s abductive reasoning moves’ for video segment 1 of episode 3 
Figure 4-46 The timeline for the 'DM's and EO's abductive reasoning moves' for video segment 1 of episode 3 
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VISUAL ABDUCTIVE REASONING MOVES 
a. D: Looking at variable controls; the 'infect person' button and the 'infect mozzie' button./b. D: Looking at world; noticing the presence of one 
'infected person.'/c. D: Looking at world; noticing the trend of the 'malaria' spreading through the population of the 'persons' and the 
population of the 'mosquitos.'/d. D: Looking at world; noticing the trend of one 'infected person' near one of the 'ponds' bitten by many 
'infected mosquitos.'/e. D: Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no 
other 'persons' near the 'pond' are bitten)./f. D: Looking at world; Looking at world; noticing the trend of the 'infected mosquitos' biting the 
'uninfected persons' and making them 'infected persons' and the 'uninfected mosquitos' biting the 'infected persons' and making them 
'infected mosquitos'; and noticing the trend of the 'uninfected persons' near 'ponds' bitten by the 'mosquitos' and making them 'infected 
persons' more than the 'uninfected persons' not near the 'ponds.'/g. D: Looking at world; noticing the one 'infected person' bitten by all the 
'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./h. D: Looking at variable controls: the 'infect 
mozzie' button./i. D: Looking at world; noticing the different 'ponds' in the world where the 'mosquitos' can live./j. D: Looking at world; 
noticing the trend of the 'infected mosquitos' hanging around the 'ponds' and biting the 'uninfected persons' and making them 'infected 
persons.' 
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
a. D: "Infect a person or a mosquito."/b. D: "So you've got one infected person."/c. D: "If you want you can click a couple."/d. D: "Oh, wow! You 
guys are having a malaria outbreak!"/e. D: "Ah! See."/f. D: "This is why avoiding ponds is an important thing, when you live in a malaria prone 
area."/g. D: "Yes, unfortunately, unfortunately people don't become paralysed right near ponds. When, when this happens. Um, so...this is a 
little bit of a glitch."/h. D: "Yes, unfortunately, unfortunately people don't become paralysed right near ponds. When, when this happens. Um, 
so...this is a little bit of a glitch."/i. D: "Maybe, maybe set up and go again."/j. D: "So infect another couple of mosquitos for me. So that they're 
hopefully in different places." 
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16. More knowledgeable other      20. mko-Checking relationships between data in output (trends)  
17. mko-Use finger/pen to draw attention to relevant feature of image 21. mko-Verbal comment on hypothesis      
18. mko-Looking at information      22. mko-Verbalisation of relationships between data in output (trends)  
19. mko-Noticing particular object achieve given task   23. mko-Verbalisation of drawing attention to relevant feature of image 
     
 
    
    
         
MANIPULATIVE ABDUCTIVE REASONING MOVES 
a. Computer 2: D: Points to the many 'infected mosquitos' near the 'pond' that no longer biting just the one 'infected person' and the increasing 
number of 'mosquitos' due to breeding./b. Computer 2: D: Points to the many 'infected mosquitos' near the 'pond' that no longer biting just the one 
'infected person' and the increasing number of 'mosquitos' due to breeding./c. Computer 1: EO: Points to the world and variable controls; specific 
parts of world and variable controls indeterminate (model in general)./d. Computer 1: EO: Points to the one 'infected person' bitten by all the 
'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./e. Computer 1: EO: Points to the world and variable 
controls; specific parts of world and variable controls indeterminate (model in general). 
Figure 4-47 The timeline for the 'DM's and EO's abductive reasoning moves' for video segment 2 of episode 3 
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VISUAL ABDUCTIVE REASONING MOVES 
a. Computer 2: D: Looking at world and variable controls; specific parts of world and variable controls indeterminate (model in general)./b. 
Computer 2: D: Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 
'persons' near the 'pond' are bitten)./c. Computer 2: D: Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' 
near one of the 'ponds' dying and the 'infected mosquitos' then biting other 'persons.'/d. Computer 2: D: Looking at world; noticing the one 
'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 'pond' are bitten)./e. Computer 2: D: 
Looking at world; noticing the trend of the many 'infected mosquitos' near the 'pond' that no longer biting just the one 'infected person' and the 
increasing number of 'mosquitos' due to breeding./f. Computer 2: D: Looking at world; noticing the trend of the many 'infected mosquitos' near 
the 'pond' that no longer biting just the one 'infected person' and the increasing number of 'mosquitos' due to breeding./g. Computer 1: D & EO: 
Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' near one of the 'ponds' (no other 'persons' near the 
'pond' are bitten)./h. Computer 2: D: Looking at world; noticing the one 'infected person' bitten by all the 'infected mosquitos' near one of the 
'ponds' (no other 'persons' near the 'pond' are bitten).  
 
SENTENTIAL ABDUCTIVE REASONING MOVES 
a. D: "To the best of my knowledge that hasn't been..."/b. D: "But here we've got lots of infected mosquitos. And we've got, we've actually got 
more mosquitos as well because they're breeding."/c. D: "Well, but it's happening over here."/d. D: "Well, but it's happening over here." /e. D: 
"We had some interesting suggestions about how to contain malaria outbreaks."/f. EO: "Wow."/g. D: "That's a rea...That's actually a really 
interesting idea."/h. EO: "Because um, that's a..."; D: "That's a real...really interesting idea."/i. D: "To the best of my knowledge that's never been 
tried, but it doesn't..." 
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They were drawn in by the students’ discovery and in particular their use of the 
model to radically rethink malaria control in the real world. Both the DM and EO 
were integrated into the expanded abductive reasoning system. A look at some 
examples is enlightening. 
 The DM and EO mirrored the students’ abductive reasoning moves in order 
to share the discovery and position themselves as a part of the abductive reasoning 
system. 
MRD-6: When S1 and S2 were interacting with the model to explain their 
 observation of the key anomaly and the associated hypothesising, the DM and 
 EO both observed this key anomaly on Computer 2 (g in Figure 4-47).  
They became more meaningfully involved in the abductive reasoning via the 
manipulations and observations of the model that they initiated with their 
verbalisations and pointing.  
MRD-1: The DM physically pointed to the many infected mosquitos near the 
 pond that were no longer biting just the one infected human (trend 7) as well 
 as the increasing number of mosquitos present due to breeding over time 
 (trend 8) (b in  Figure  4-46), while observing (d in Figure 4-46) and 
 verbalising (f in Figure 4-46)  these trends.  
She was directing the abductive reasoning process by focusing the students’ attention 
on particular trends, as well as modelling manipulative and visual abductive 
reasoning moves for the students. She also provided instructions to the students in 
regards to manipulating and then observing the model.  
MRD-1: The DM instructed the students to, “Infect a person or a mosquito,” (a in 
 Figure 4-46) while pointing to this button on screen (a in Figure 4-46). 
The students immediately made this change to the variable such that the DM directly 
determined the students’ abductive reasoning moves. The EO achieved similar 
outcomes via similar abductive reasoning moves.  
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MRD-6: He physically pointed to the one infected human bitten by all infected 
 mosquitos near one of the ponds (d in Figure 4-47) to highlight the  key 
 anomaly (g in Figure 4-47) on Computer 1.  
This prompted S1 and S2 to further explain the significance of the key anomaly, 
which they did through verbalisations and pointing to the trends and key anomaly. 
Through these manipulative, visual and sentential abductive reasoning moves the 
DM and EO became further embedded in the abductive reasoning system. However 
they were still somewhat removed from the excitement, surprise and confusion 
experienced by the students who were all consumed by the discovery of the anomaly. 
  This changed as the DM and EO became intimately involved in the students’ 
hypothesising about controlling malaria in the real world as informed by the glitch. 
The students’ ideas were so creative and radical that the DM and EO could not help 
but be drawn into the reasoning process; they became co-constructors of the 
multimodal abductive reasoning chain.  
MRD-2: When S1 showed the DM the key anomaly (e in Figure 4-47) and suggested 
 it as the basis for a hypothetical means to control malaria in the real world, 
 she responded: “Yes, unfortunately, unfortunately people don't become 
 paralysed right near ponds. When, when this happens. Um, so...this is a little 
 bit of a glitch” (g in Figure 4-47).  
She was questioning this hypothetical means of controlling malaria in the real world 
because the model did not reflect her understanding of reality, and so the model 
could not be used as a valid and reliable indicator of the real world. The key anomaly 
was a glitch, not the basis for reimagining the real world. It was confusing but not in 
a productive way. However the students continued to explore the value of the key 
anomaly to hypothesise about real-world malaria control despite the DM requesting 
them to run the model again and trying to redirect the students’ line of abductive 
reasoning away from the glitch.  
MRD-5: She said, “Well, but it's not happening over here,” (c in Figure 4-47) while 
 pointing at the key anomaly ceasing on Computer 1 (b in Figure 4-47) as the 
 repeatedly-bitten human died and the increased number of mosquitos roamed 
 free (trend 8 and 8) (f in Figure 4-47). 
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The DM and EO were not only cognitively but also emotionally invested in the 
abductive reasoning. 
 They further established themselves as co-researchers, and not just overseers 
of the students’ abductive reasoning, as they became more supportive of the 
students’ use of the glitch to reconsider the reality of controlling malaria. They 
embraced the productive nature of the confusion generated by the glitch. 
MRD-7: The DM said of the students’ hypothesising, “We had some interesting 
 suggestions about how to contain malaria outbreaks,” (e in Figure  4-47) and 
 she re-voiced the blood bag version of the hypothesis to which the  EO said, 
 “Wow,” (f in Figure 4-47).  
They were impressed by the creative and radical nature of the students’ ideas and 
were slowly getting further drawn into the abductive reasoning system. 
MRD-7: When S5 and S3 suggested possible solutions to problems with  applying 
 these ideas in the real world, thus further refining the hypothesising, the 
 DM said, “That's a rea…That's actually a really interesting idea…That's a 
 real...really interesting idea…To the best of my knowledge that's never 
 been tried, but it doesn't…” (g, h and i in Figure 4-47). 
The DM and EO could no longer dismiss the anomaly as a glitch that had no bearing 
on reality. They had been drawn into the excitement, surprise and confusion of the 
students’ hypothesising; they were enlivened by the creativity of the students and 
their ideas. They were genuine participants in the process of discovery and hence 
deeply embedded in the abductive reasoning system.  
 As with episode 1 and episode 2, without the input of the DM it is likely that 
S1’s and S2’s abductive reasoning would have been significantly different. On this 
occasion the EO also significantly contributed to this process alongside the DM. As 
they realised the value of the glitch to inform hypothesising about controlling malaria 
in the real world, which the students embraced from the beginning, they became as 
cognitively and emotionally invested in the reasoning process as the students. They 
did not simply oversee the students’ construction of the multimodal abductive 
reasoning chain; they directly contributed to this process. 
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4.4.10 The social framework 
S1’s, S2’s and the DM’s abductive reasoning moves took place in a particular social 
context, but unlike episode 1 and episode 2 this also involved the EO and other 
student pairs. However the social moves again served the same purpose; they 
enabled the DM and EO to work together to support and encourage the students to 
interact with each other, the DM, EO, model and iPad to execute abductive 
reasoning. All of the students’, DM’s and EO’s social moves are displayed in the 
timelines in Figure 4-48 and Figure 4-49, with the arrows showing the unfolding of 
the action-based, observation-based and proposition-based social moves across the 
different model runs. Some illustrative examples are discussed to provide further 
detail. 
 As in episode 1 and episode 2: the students often looked at each other (MR1: 
B in in Figure 4-48) or the DM (MRD-1: A in Figure 4-48) and EO (MRD-5: F in 
Figure 4-49); the DM and EO sometimes looked back at the students (MRD-5: f in 
Figure 4-49); both students (MRD-5: F in Figure 4-49) and the DM (MRD-5: e in 
Figure 4-49) and EO (MRD-6: n in Figure 4-49) verbally acknowledged, while the 
EO also used his body to acknowledge (MRD-7: w in Figure 4-49); and the students 
(MRD-5: c in Figure 4-49), DM (MRD-6: c in Figure 4-49) and EO again used 
verbal affirmations (MRD-6: j in Figure 4-49); the EO requested confirmation 
(MRD-5: g in Figure 4-49); and the DM utilised revoicing (MRD-7: bb Figure 4-49).  
The DM and EO also sometimes pointed at particular students (MRD-7: r and v in in 
Figure 4-49), which did not occur in the other episodes.  
 These social moves served the same purpose as in episode 1 and episode 2; 
enabling the students to collaborate with each other, the DM and EO to co-execute 
the abductive reasoning as a multimodal and distributed process, with the DM and 
EO constantly supporting and encouraging the students to extend their multimodal 
chain of abductive reasoning. The DM’s and EO’s pointing focused attention on the 
students’ ideas and positioned these students as valued members of the abductive 
reasoning system.  
However, two types of looking occurred that were unique to this episode. The 
DM and EO sometimes looked at each other. 
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1.1.1.9 Figure 69. The timeline for ‘the social framework’ for video segment 1 of episode 3 
27. Student   31. More knowledgeable other 33. mko-Question about representing   
28. Looking at peers  32. mko-Verbal acknowledgement34. mko-Question about trends in output  
29. Looking at demonstrator      35. mko-Encouragement to abduce 
30. Looking at researcher            
         
      
SOCIAL MOVES OF STUDENTS 
A. S1 looking at D./B. S1 looking at S2./C. S1 looking at D./D. S1 looking at D./E. S2 looking at R.   
 
SOCIAL MOVES OF DM & EO 
a. D: "Infect a person or a mosquito and see what happens?"/b. D: "Aha."/c. D: "Okay, are you recording your findings?”/d. D: "Huh!"/e. D: "So 
are these people getting infected faster when they're not avoiding ponds?/f. D: "Okay...so...that." 
Figure 4-48 The timeline for the 'social framework' for video segment 1 of episode 3 
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1.1.1.10 Figure 1d. The timeline for ‘the social framework’ for video segment 2 of episode 3 
23. Student   26. Looking at education officer 29. More knowledgeable other    36. mko-Verbal acknowledgement 
24. Looking at peers  27. Verbal acknowledgement 30. mko-Use body to acknowledge   37. mko-Verbal affirmation 
25. Looking at demonstrator 28. Verbal affirmation  31. mko-Use finger/pen to draw attention to students 38. mko-Revoicing   
        32. mko-Use body to express instruction   39. mko-Redirect to new task 
        33. mko-Use body to express question   40. mko-Request for confirmation 
        34. mko-Looking at students    41. mko-Question about trends in output 
        35. mko-Looking at education officer   42. mko-Asking extending question 
               43. mko-Encouragement to represent 
               
Figure 1d. The timeline for ‘the social framework’ for video segment 2 of episode 3 Figure 4-49 The timeline for the 'social framework' for video segment 2 of episode 3 
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SOCIAL MOVES OF STUDENTS 
A. S3 looking at D./B. S4 looking at S3./C. S3: "Yes. Yes. Yes."/D. S1 & S2 looking at each other./E. S1, S2, S3, S4 & S5 looking at D./F. S1 looking 
at EO./G. S1, S2, S3, S4 & S5 looking at EO./H. S1, S2, S3, S4, S5 & S6 looking at D./I. S2, S3, S4 & S5 looking at EO./J. S2: "No."; S1: "No."/K. S3: 
"No."/L. S1, S3, S4, S5 & S6 looking at EO./M. S1, S3, S4 & S5 looking at each other./N. S1, S3 & S4 looking at each other./O. S3, S4 & S6 looking 
at D. 
 
SOCIAL MOVES OF DM & EO 
a.  D: "Excellent. Okay. So..."/b. D looking at S3./c. D: "Yes, there we go. There we go."/d. D: "So now what've we got, we've got lots of?"/e. D: 
"Sure."/f. D & EO looking at S1, S2, S3, S4, S5 & S6./g. EO: "Can you show me that?"/h. EO: "Can you show and share why you made that, that 
conclusion?"/i. D & EO looking at each other./j. EO: "It's alright, this is about sharing, you guys."/k. EO: "So show. Can you set it up and show 
these guys over here why you thought that conclusion?"/l. EO: "So. So. With this model, what's happening? So with this simulation what's 
happening? Here you're saying people are getting paralysed at the pond."/m. EO moves both hands in cycle to indicate the running of the 
model./n. EO: "Okay."/o. EO: "So. Do you think that would reflect what is happening in real life?"/p. D & EO officer looking at S1, S2, S3, S4, S5 & 
S6./q. EO: "Okay, so."/r. D points to S3 & S5./s. D & EO looking at each other./t. D: "Put a dummy in a pond with some blood bags and all the 
mosquitos will just stay there."/u. EO: "Would, would they just stay there?"/v. EO points to S3 & S5./w. EO moves right hand up and down to 
indicate that not dismissing the suggestion. /x. EO "Okay. Interesting."/y. D: "Really? But, okay. But forever? What would happen...do, do you 
think the blood bags would be full forever?"/z. D points to S3./aa. D: "So what would they do then?"/bb. D: "They would find a person! Most 
likely!"/cc. D & EO looking at each other./dd. EO: "Could you note that down. Just some how. Just some how. Can you, can you, just, somehow 
record that."/ee. D points to S3 & S5./ff. EO points right hand forward repeatedly then moves right hand in circular motion to indicate to 
record./gg. D & EO looking at each other./hh. EO moves right hand up and down to indicate that not dismissing the suggestion./ii. D & EO 
looking at each other./jj. EO: "Hey look..."/kk. D looking at S3, S4, S5 & S6./ll. D: "I know, I know." 
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MRD-6: See I in Figure 4-49. 
Such looks enabled them to collaborate as more knowledgeable others and as agents 
of reasoning in their interactions with the students and model. In addition, on one 
occasion S2 looked directly at one of the camera operators. 
MRD-4: See E in Figure 4-48.  
In so doing he broke ‘the fourth wall’; he directly interacted with the audience (i.e. 
the researchers). This occurred soon after the students noticed the key anomaly 
occurring at all ponds and verbalised it as a glitch. He was communicating to the 
researchers that the model they had designed and implemented was not working as 
expected. In one way he was criticising the researchers for designing a faulty model, 
but in another way he was sharing their discovery with the researchers. In this 
moment the researchers were made part of the abductive reasoning system, even if 
only briefly. 
 The DM and EO employed a number of different types of questions, as they 
did during the other two episodes, which the EO sometimes accompanied with bodily 
movements (MRD-6: m in Figure 4-49) that added further impetus and meaning to 
his questioning. The DM posed questions concerning trends (MRD-3: e in Figure 4-
48) to prompt the students to provide more information about the mystery and to 
extend their visual and manipulative abductive reasoning moves. She also posed a 
question (MRD-1: c in Figure 4-48) that functioned in much the same way as the 
encouragement/instruction to represent prompt she executed in episode 2. 
MRD-1: She asked S1 and S2, "Okay, are you recording your findings?” (c in 
 Figure 4-48), at the beginning of their investigation. 
This prompted the students to consider the importance of recording their findings and 
how they would do so. Similarly the EO encouraged the students to represent their 
findings.  
MRD-7: He instructed all three pairs of students, “Could you note that down. Just 
 somehow. Just somehow. Can you, can you, just, somehow record that” (dd 
 in Figure 4-49), after they shared their modified version of the hypothesis. 
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These verbalisations suggest that the DM and EO, in particular the EO, understood 
the value of the iPad as an inscription device that the students could use to formalise 
their ideas and thus further extend their abductive reasoning chain into the formal 
part of the abductive reasoning spectrum.  
 The DM and EO, as they did in episode 1 and episode 2, also went further 
with their questioning by posing a series of extending questions  
MRD-7: The EO asked the three pairs of students, “So. Do you think that  would 
 reflect what is happening in real life?”, in regards to the key anomaly. 
 After S3 suggested using blood bags as a part of their hypothesising, the DM 
 asked: "Really? But, okay. But forever? What would happen...do, do you 
 think the blood bags would be full forever?" (o and y in Figure 4-49). 
These questions required the students to apply their existing knowledge and findings 
from the model to the real world; they needed to consider the relationship between 
the model and the reality it simulated. The DM and EO were asking the students to 
clarify and justify their hypothesises method for controlling malaria in the real world. 
The students were highly successful in this regard as they convinced the DM and EO, 
through a combination of manipulative, visual and sentential abductive reasoning 
moves involving the model, of the value of their radical ideas.  
 The DM again explicitly encouraged the students to carry out abductive 
reasoning, however only on one occasion (MRD-1: a in Figure 4-48). She did not use 
the term play, as in episode 1, but this verbalisation clearly supported and 
encouraged the students to interact with the model to speculatively hypothesise. She 
wanted the students to ‘try and see.’ However, both the DM and EO were supportive 
of the students’ abductive reasoning in other ways, in particular through the 
sentential abductive reasoning move of commenting on the students’ hypothesising. 
She also sometimes redirected the students to other tasks (MRD-1: a in Figure 4-48) 
in order to keep the students investigating productive lines of inquiry, as occurred in 
episode 2. This redirecting involved the DM directing the students’ attention away 
from the key anomaly and the associated hypothesising because she perceived this as 
a glitch, it did not accurately reflect the real world, and was preventing more 
productive lines of inquiry. But all three pairs of students continued this line of 
investigation because they valued the glitch as a way to radically reimagine the 
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control of malaria in the real world. The students held fast to their abductive 
reasoning despite the attempted redirecting by the DM.  
 Therefore as with the other two episodes, the social context was necessary for 
the establishment and functioning of the abductive reasoning system and 
underpinned its multimodal nature. The social moves executed by the students, DM 
and EO intimately linked these agents with each other, the model and iPad. Without 
these social moves, the DM and EO would have been distanced from the reasoning 
process; the abductive reasoning would have been restricted to the students’ minds. 
The students may not have discovered the mystery and struggled to generate creative 
explanations. By collaborating, the DM, EO and students could co-construct 
pathways out of confusion, as chains of multimodal abductive reasoning, through 
interacting with the model. 
4.5 Student performance on the tests 
The analysis of the pre-test and post-test is a useful contrast to the video analysis. On 
their own the tests provide limited insight into the students’ abductive reasoning, but 
as a counterpoint to the video data they highlight the unrealistic expectation of 
significant shifts in student understanding in the short term and the critical difference 
between performance and learning. The test data also raise awareness of the 
challenges faced by researchers and educators in their efforts to measure abductive 
reasoning and its impact on learning. However the greatest value of the tests was in 
structuring the workshop, requiring the researcher and staff at the science education 
centre to carefully consider the learning goals for each session. 
 The pre-test and post-test were used to determine any changes in students’ 
content knowledge (of natural selection and representations) following their 
completion of the workshop. They provided a quantitative snapshot of the impact of 
the workshop, in particular the computer session, on students’ understanding of 
natural selection and meta-representational competence. However the tests were not 
sensitive enough to pinpoint the contribution of each session to changes in students’ 
knowledge and skills. The test data were also compromised by a number of 
confounding variables, including the use of the same questions in the pre-test and 
post and the fact there was no control for the impact of students’: prior knowledge, 
experiences, interest in science, socio-economic status etc.  
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4.5.1 Comparing pre-tests and post-tests 
As discussed in the method, the students’ performance on the pre-test and post-test 
was analysed to differentiate the performance of the two participating schools on 
close response items and open response items. These conditions were also combined 
to provide a broader picture of student performance. In each case the students’ 
performance on the pre-test and post-test was compared and a t-test conducted. In 
each case the assumptions for conducting a t-test were met, except for the condition 
involving both classes’ performance on the open response items that exhibited non-
normal distribution, and hence a Wilcoxen-Signed Rank test was conducted. 
 The dependent t-test data for the students’ performance from class one, class 
two and the two classes combined on the close response items was as follows for 
class one: t = -0.115, degrees of freedom = 15, significance (2-tailed) = 0.910. And 
for class two: t = 0.000, degrees of freedom = 23, significance (2-tailed) = 1.000. 
Finally for both classes combined: t = -0.080, degrees of freedom = 39, significance 
(2-tailed) = 0.937. Thus there was no significant change for the close response items 
for class one, class two or the two classes combined. 
The dependent t-test data for the students’ performance from class one, class 
two and the two classes combined on the open response items was as follows for 
class one: t = -2.638, degrees of freedom = 15, significance (2-tailed) = 0.019. 
Therefore there was a significant change for the open response items for class one; 
the students from class 1 performed significantly better on the open response items 
for the post-test compared to the pre-test. For class two: t = -0.302, degrees of 
freedom = 23, significance (2-tailed) = 0.765. For both classes combined: t = -1.657, 
degrees of freedom = 39, significance (2-tailed) = 0.105. And for the Wilcoxen-
Signed Rank test (due to non-normal distribution): significance (Asymp. Sig. 2-
tailed) is 0.109. Thus there was no significant change for the open response items for 
class two and the two classes combined. 
The dependent t-test data for the students’ performance from class one, class 
two and the two classes combined on the close response items and the open response 
items combined was as follows for class one: t = -1.728, degrees of freedom = 15, 
significance (2-tailed) = 0.105. For class two: t = -0.270, degrees of freedom = 23, 
significance (2-tailed) = 0.790. Finally for both classes combined: t = -1.367, 
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degrees of freedom = 39, significance (2-tailed) = 0.179. Thus there was no 
significant change for close response items and open response items combined for 
class one, class two and the two classes combined. 
4.5.2 Meaning of the test results 
Therefore there was no significant change identified in students’ conceptual 
understanding of natural selection or meta-representational competence following the 
workshop; they performed poorly. The exception was students from class 1 who 
performed significantly better on the post-test than pre-test for the open response 
items. This suggests an improvement in these students’ meta-representational 
competence as the open response items provided students with the opportunity to 
utilise representations other than writing to express their ideas. Considering the test 
results in isolation it seems that the workshop, including the computer session, had 
minimal impact on student learning. But this is only a partial picture of the students’ 
experience and the value of the workshop; it provides no insight into the quality of 
students’ abductive reasoning, which was evident in the video analysis. The students 
may have performed poorly in the short term on the tests, but arguably through 
developing their abductive reasoning they were prepared for significant future 
learning in the long term. This point will be discussed in the next chapter drawing on 
the construct of ‘productive failure’ (Kapur, 2008). 
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5 Discussion 
In this chapter I discuss four key themes arising from my analysis as outlined in the 
previous chapter and in regards to the literature discussed in the literature review. 
These themes point to how my study contributes to this field of educational research. 
These include: reconceptualising the creative aspect of the discovery process as 
abductive reasoning; establishing the generative and rich nature of inquiry 
(specifically the representation-construction approach) when abductive reasoning is 
recognised; conceptualising computer models (henceforth models) (specifically multi 
agent-based computational models) as epistemic mediators that afford and 
productively constrain abductive reasoning; and articulating the practical 
implications of such an inquiry approach (i.e. representation-construction that 
positions abductive reasoning as fundamental for discovery in the classroom).  
5.1 Reconceptualising the creative aspect of discovery in the science 
classroom as abductive reasoning 
This research was in many ways the empirical testing and application of Magnani’s 
(2001, 2009) ideas, building on Peirce’s (1992a, 1992c, 1998a, 1998b, 1998e, 1998f, 
1998g) ideas, and by extension Woods’ (2013) ideas, to the context of the science 
classroom such that the creative aspect of discovery was made amenable to 
identification and analysis. In so doing I propose that the principles explored and 
established in the analysis, presented in Table 4-1, characterise the students’ 
generation of new ideas (i.e. the creative aspect of the discovery process) as 
computer-mediated abductive reasoning and define the nature of this abductive 
reasoning. I present these principles as the core logical processes that I use to 
characterise abductive reasoning.  
 Returning to Peirce’s (1998e) notion of pragmatics; the principles, made up 
of patterns of abductive reasoning moves and social moves of various modes, were 
the conceivable effects of abductive reasoning in the computer session (henceforth 
just session) that had a practical bearing on learning and thus the students’ 
developing understanding of natural selection. Therefore our whole conception of 
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abductive reasoning in the session consists of our conception of these principles of 
abductive reasoning: the abductive reasoning can be understood through these 
principles. Any conceptual understanding of abductive reasoning, in my case the 
meta-level principles I use to characterise this reasoning process (see below), is thus 
necessarily based on these principles that constitute our whole conception of 
abductive reasoning.  
 The principles in Table 4-1 outline the logic of abductive reasoning as it was 
executed by the students in the session at the science education centre (Centre) (i.e. 
as naturalised logic) in response to anomalies generated by the models. The 
execution of these patterns of abductive reasoning moves was a manipulative, visual 
and sentential performance involving the students interacting with each other, the 
demonstrator (D), education officer (EO), models and iPads. The principles describe 
how the different agents (students, DM, EO, models and iPads) engaged with the 
different modes (manipulative, visual, sentential) in concert to speculatively and 
creatively hypothesise as the students formally and informally reasoned in response 
to the mysteries they encountered.  
 By taking a step back from the principles, having already analysed them in 
detail, I can give them a coherence that permits insights into the core nature of the 
students’ computer-mediated abductive reasoning. These are meta-level principles 
that are underpinned by the principles as evidenced in Table 4-1 and which 
characterise abductive reasoning. In so doing I show that the abductive reasoning 
was:  
 multimodal in the way students orchestrated sequences of different 
manipulative, visual and sentential abductive reasoning moves in their 
attempts to resolve the anomalies generated by the models;  
 distributed across the students, DM, EO models and iPads, which formed an 
abductive reasoning system from which the hypothesising emerged; 
 formal as well as informal, with the students both explicitly articulating their 
new ideas, often as verbal and textual propositions, while at other times 
feeling their way towards new ideas through their manipulations and 
observations of the models; 
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 a continuous process of hypothesising that was valuable for student learning 
in the form of creating generative leads, not as a finite process that generated 
immutable products in the form of hypotheses. 
These meta-level principles that characterise the abductive reasoning of the students 
in this study will be further articulated below, in the process of which I conform to 
the naturalised logic put forward by Woods (2013) and Magnani (2009, 2015a, 
2015b). In so doing I conceptualise the student as a practical agent of reasoning, not 
an ideal logical agent, who is resource-bound and time-constrained and who often 
tries to make meaning of scientific phenomena in ways that do not conform to the 
classical logic, but which need to be recognised as logical processes that are a 
legitimate part of reasoning (i.e. as abductive reasoning). I also propose that such an 
approach can be productive for the researcher when turned on themselves. 
 By reconceptualising the creative aspect of the discovery process in the 
science classroom as abductive reasoning it is possible to reconsider the ideas of 
Magnani, Peirce and Woods in relation to the real world. I go beyond abductive 
reasoning as a theoretical/philosophical construct and consider its empirical 
manifestations, which can inform inquiry (in particular the representation-
construction approach) in the science classroom. 
5.1.1 The use of the Magnanian lens (informed by Peirce and Woods) for 
research in science education 
While Magnani (2001, 2009), Peirce (1992a, 1992c, 1998a, 1998b, 1998f) and 
Woods (2013) based their ideas on individuals in the real world carrying out 
abductive reasoning, in other words according to the naturalised logic, they did not 
apply their ideas to empirical data collected in the real world. In other words there 
was no real world and systematic application of their ideas, although they did use 
historical examples to clarify their thinking, for example Magnani (2013) analysed 
Lobachevsky’s use of drawing as an epistemic mediator of abductive reasoning in 
relation to the establishment of non-Euclidian geometry. But even in these cases they 
analysed the static evidence of abductive reasoning and not the process in action. 
They had no video data that captured abductive reasoning in action. This research 
took this next step as I attempted (admittedly ambitiously) to track and characterise 
abductive reasoning in real time in a real classroom. As I will discuss shortly, the 
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ideas of Peirce, Magnani and Woods can be productively applied in this way, but 
with some caveats. 
 In addition neither Magnani (2001, 2009), Peirce (1992a, 1992c, 1998a, 
1998b) nor Woods (2013) specifically considered the educational context, but rather 
were more concerned with abductive reasoning in general and in particular in regards 
to scientists and mathematicians (as opposed to students of science and maths). In 
this way they did not consider the abductive reasoning of non-adults (i.e. 
children/teenagers) and thus of neophytes of science (and maths). They have nothing 
to say about how one goes about developing the ability to conduct abductive 
reasoning. In contrast, this research was the application and testing of their ideas in 
the real world context of a science classroom involving teenagers who were 
neophytes of science. I was trying not only to track and characterise the abductive 
reasoning of individuals who have yet to master this process, but also strived to 
investigate the support and encouragement that is necessary in order for neophytes of 
science to develop this reasoning ability. Once again the ideas of Peirce, Magnani 
and Woods were useful for such an investigation but with adjustments necessary, 
based on the specifics of the context. 
 Based on the analysis and discussion, I propose that Peirce’s (1992c) notion 
of the fixation of belief was very much in action and so this research adds further 
empirical support to this idea. The students were thrown into a state of doubt when 
they observed the anomalies and then went about ceasing this doubt and fixing their 
beliefs by interacting with each other, the DM, EO, models and iPads. And in so 
doing they creatively and speculatively hypothesised until reaching conclusions with 
which they were satisfied. Based on these beliefs they were then able to direct their 
actions with the models. 
 This research also demonstrates that Peirce’s (1992a, 1998a, 1998f) notion of 
abductive reasoning, as distinct from deductive and inductive reasoning, was very 
much active in the session and was central to the students’ reasoning. This study 
provides empirical support for the notion of abductive reasoning, particularly as it 
relates to students of science in the classroom context. The abductive reasoning was 
captured in action on video, which enabled me to conduct a systematic analysis and 
to show that this is process is a legitimate form of reasoning that should not be black 
boxed. It has a logical structure as demonstrated in the form of the principles I 
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outline (as patterns of abductive reasoning moves and social moves). In fact Peirce’s 
(1992a, 1992c, 1998a, 1998b, 1998f, 1998g) ideas, specifically his notion of 
abductive reasoning as a logical process that is semiotic, multimodal and distributed, 
do an impressive job of capturing the creative and speculative hypothesising of the 
students during the session, particularly considering that he never attempted (the 
technology was not available) to capture this process on video. 
 Magnani’s (2001, 2009) ideas are also supported by this research, which 
demonstrates that his framework could be used as the basis for analysing abductive 
reasoning in action in the classroom. In particular his identification of manipulative, 
visual and sentential aspects of abductive reasoning, manifest as templates of 
behaviour, were evident in the video data and provided a useful means to analyse the 
students’ abductive reasoning. In this way this research supports Magnani’s (2001, 
2009) suggestion that abductive reasoning is multimodal. In addition this research 
also supports Magnani’s (2001, 2009, 2013) proposal that abductive reasoning is 
distributed and involves both humans and epistemic mediators. 
 However unlike Magnani (2001, 2009), I further emphasise the multimodal 
nature of the abductive reasoning: it always occurred in manipulative-visual-
sentential packages/as multimodal abductive reasoning chains. I do not focus on each 
of these separately. Thus instead of focusing on, for example, visual hypothesising, 
which Magnani et al. (2004) conceptualise as the process that can produce an image-
based hypothesis, I focus on the linking of the three different modes to constitute 
abductive reasoning. This raises another important difference between the approach 
of Magnani and the findings of this research. I argue that abductive reasoning is a 
process of hypothesising and hypotheses are simply the formal aspect of this process. 
Whereas Magnani (2001, 2009) suggests that hypotheses are the product of the 
hypothesising process (e.g. the image-based hypotheses result for visual abduction). 
 In addition this research suggests that while students may execute 
manipulative abductive reasoning moves followed by visual and then sentential 
abductive reasoning moves, a pattern highlighted by Magnani (1999), this is not 
always the case. I argue that the multimodal chain of abductive reasoning can be 
constructed in different orders and can be seen to loop back on itself. As such I 
provide evidence for Magnani’s (2001, 2009) argument that the informal elements of 
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abductive reasoning are valuable in and of themselves (not just in relation to the 
formal aspects).   
 Therefore this study provides evidence to support Magnani’s (2001, 2009) 
ideas, which he generated based on theoretical analysis of historical examples, as the 
basis for analysing abductive reasoning in action in the real world (i.e. empirical 
analysis of reasoning in real time). I show that Magnani’s theories are applicable 
even in the complex and dynamic context of the science classroom! But as just 
pointed out, this way of analysing abductive reasoning in action needs some 
adjustment for use in the educational context, as evident in the way in which the 
video data were analysed in this study. 
 And finally when it comes to Woods’ (2013) notion of the naturalisation of 
logic and the need to challenge the classical logic, an approach endorsed and 
elaborated by Magnani (2015a, 2015b), I use this study to point to the significance of 
such an approach for educational research. Only by considering the students’ 
abductive reasoning in the context of this differentiation (between the student as an 
ideal logical agent and the student as a practical agent of reasoning) is it possible to 
reconceptualise the creative aspect of discovery in the science classroom as 
abductive reasoning (and thus establish a logic of discovery). Therefore the notions 
of the naturalised logic and the classical logic are useful for informing how we might 
go about implementing and exploring inquiry in the classroom, in particular a form 
of inquiry that has abductive reasoning at its core inquiry. However direct evidence 
for the classical logic and the naturalised logic would have to come from analysing 
curriculum documents and doing further ethnographic research, including interviews 
with those operating in science education (including students, more knowledgeable 
others, policy makers etc.). 
5.1.2 Abductive reasoning in the science classroom is multimodal 
The abductive reasoning that took place in the session was fundamentally 
multimodal in nature, as shown in Figure 5-1. The students attempted to solve the 
anomalies generated by the models by manipulating and observing the models and 
generating associated propositions (i.e. verbalisations, textualisations and 
pictorialisations). While these abductive reasoning moves differed in their mode and 
formality (manipulations and observations less formal than the sentential abductive 
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reasoning moves), they all fundamentally served the same purpose; enabling students 
to generate ideas as a means of explaining the mysteries. 
 
 
 
  
 
 
 
 
The timelines in the previous chapter show that these abductive reasoning 
moves occurred as multimodal packages, such that each manipulation was linked to 
particular observations and propositions (and vice versa). In this way the students, in 
collaboration with the DM and EO, constructed chains of multimodal abductive 
reasoning moves as they interacted with the models and iPads. This finding not only 
supports Magnani’s (2001, 2009) and Peirce’s (1998e) proposal that abductive 
reasoning is multimodal, but it also supports the representation-construction 
literature (e.g. Ainsworth, 1999, 2006; Prain & Waldrip, 2006; Waldrip et al., 2006, 
2010) concerning the multimodal nature of reasoning as a representational process. 
 These chains did not always consist of the same sequence of abductive 
reasoning moves and they did not necessarily terminate with sentential abductive 
reasoning moves. On most occasions the abductive reasoning proceeded as Magnani 
(1999, 2001, 2009) predicts: manipulations of the models led to observations that 
then led to sentential abductive reasoning moves, such that the students’ propositions 
were underpinned by these earlier abductive reasoning moves. However, this was not 
always the case with other sequences of abductive reasoning moves also taking 
place. And even when this particular sequence (manipulative -> visual -> sentential) 
did occur, which was often, the verbalisations, textualisations and pictorialisations 
Figure 5-1 The multimodal nature of the students' abductive reasoning 
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often led to other manipulations and observations of the models such that the chain 
of abductive reasoning continued (or as an alternative analogy, the chain connected 
back to itself). For example after S1 and S2 recorded their ideas on the iPad (based 
on their prior manipulations and observations of the model) concerning the mystery 
of the marauding mosquitos, they returned to manipulating and observing the model. 
Thus the chain of abductive reasoning was not always in the direction highlighted by 
Magnani (1999, 2001, 2009). 
 I propose that none of the students’ manipulations, observations or 
propositions can be upheld as more significant to abductive reasoning than any other. 
There was a continual cycling between the three different modes, such that none 
should be considered more important or holding a special place. In particular the 
students’ manipulations of the models should be seen as equally important to the 
students’ abductive reasoning as their visual and sentential abductive reasoning 
moves. So while the students’ observations were the most compelling for the 
researcher in terms of providing recognisable insights into the students’ abductive 
reasoning (as the anomalies visually manifested in the models and the students’ 
directed most of their attention to the screen), a more comprehensive understanding 
of abductive reasoning is likely if one does not focus too narrowly on this aspect of 
the abductive reasoning process. It is necessary to expand Magnani’s (2001, 2009) 
focus on image-based hypotheses and to further explore the multimodal nature of the 
reasoning process. In this way this finding supports the literature (e.g. Hubber, 
Tytler, et al., 2010; Prain et al., 2009; Tytler et al., 2009) that conceptualises 
reasoning as a process that not only involves representations, but also the students’ 
minds in addition to their actions.  
The students’ verbalisations (and to a lesser extent their textualisations and 
pictorialisations) were similarly compelling to the researcher in terms of advancing 
the analysis because they provided an immediate and accessible insight into the 
students’ abductive reasoning. The researcher, much like the students, DM and EO, 
was primed to recognise and value reasoning in this formal form that is prioritised by 
classical logic. However the salience of these sentential abductive reasoning moves 
must not be seen to reflect their superior value to the students’ manipulations and 
observations of the models. 
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5.1.3 Abductive reasoning in the science classroom is formal and informal 
The manipulative, visual and sentential abductive reasoning moves were intimately 
interlinked and mutually dependent. The manipulations enabled the students to 
change the models, within the pre-set limits, to determine the interactions between 
the agents. The students were dictating the simulations, however to a limited degree 
because the models also exhibited emergent and chaotic properties. This was not just 
a case of the students pushing buttons as a recreational activity; rather their 
manipulations of the models were a particular manifestation of their hypothesising. 
They manipulated the models in order to solve the mysteries. The students also 
physically and virtually pointed to the models such that their hypothesising was also 
embodied. I propose that these abductive reasoning moves were informal in nature; 
they were not explicitly articulated ideas with a logical form recognised by classical 
logic. The students were literally feeling their way towards explanations of the 
anomalies.  
 The students’ visual abductive reasoning moves were similarly informal in 
nature. They observed the data, in the form of the world, various graphs and 
numerical output, generated by the models in order to hypothesise. This direct act of 
observing was an important component of their abductive reasoning, even though it 
did not involve the explicit articulation of ideas and so did not conform to classical 
logic. While the students’ observations were intimately linked to their manipulations 
of the models and associated sentential abductive reasoning moves, it was not 
constituted as abductive reasoning by these other moves: the students’ observations 
were by their very nature abductive reasoning. 
 The students’ abductive reasoning was formal when they verbalised and 
photographed the models to construct annotated images. In this form their ideas 
were, I suggest, explicit and aligned with classical logic. Often these verbalisations 
were a commentary, albeit highly informative of the reasoning process, concerning 
the students’ manipulations and observations of the models. But as verbal 
hypothesising these abductive reasoning moves were essential for the students to: 
seek patterns in the data, make explanatory claims, and speculate on applications and 
further ideas that were not manifest in their manipulative and visual abductive 
reasoning moves.  
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The annotated images created by the students in the form of text and 
photographs were more powerful as a means to formalise their ideas than text on its 
own as the iconic nature of the photographs formed a visually striking means of 
hypothesising. As Tytler et al. (2013) and Tytler and Prain (2013) make clear, all 
representations are partial (in terms of being able to represent phenomena) and as 
such particular representations are effective as knowledge claims in relation to 
specific scientific phenomena, with  combination of different representations being 
most powerful. The annotated images created by the students strengthened the link 
between evidence and ideas. However the text and photographs only had meaning for 
the students as formal hypothesising, I propose, because they were underpinned by 
the students’ manipulative and visual abductive reasoning moves. The text and 
photographs presumed in important ways all the preceding hypothesising. For 
example the annotated image created by S3 and S4 only had meaning as 
hypothesising for these students because they had extensively manipulated and 
observed the model. 
 Therefore I suggest that the abductive reasoning taking place consisted of two 
different aspects as evident in the multimodality of this process: formal and informal. 
The informal aspect was most evident in the students’ manipulative and visual 
abductive reasoning moves, which did not involve the explicit articulation of ideas 
but rather the generation, elaboration and exploration of half-thoughts (which 
emerged from intuition) through manipulations and observations of the models. In 
contrast the formal aspect was most evident in the students’ sentential abductive 
reasoning moves, which involved the explicit articulation of ideas as the students 
verbalised and generated annotated images using the iPads. These sentential 
abductive reasoning moves mostly served to formalise the students’ intuitive claims 
as manifest in the manipulations and observations of the models. The apparent ease 
with which students shifted between their manipulations and observations of the 
models but at times struggled to fix their ideas in verbal, textual and pictorial form, is 
further evidence that the formal and informal aspects of abductive reasoning seem to 
be significantly different logical processes with each offering something unique for 
hypothesising and learning. 
 I am therefore extending the existing literature on reasoning in the science 
classroom. While this literature acknowledges that there are different aspects to 
reasoning and that these are manifest in various modes, including reasoning as talk 
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(e.g. Hogan, Nastasi, & Pressley, 1999; Mercer, Wegerif, & Dawes, 1999) and 
reasoning in non-verbal forms that includes the use of various representations (e.g. 
Lehrer et al., 2008; Tytler et al., 2009; Vosniadou et al., 2005), there is no clear 
distinction made between what I call formal reasoning and informal reasoning. I 
suggest that this is particularly valuable for not only differentiating deductive 
reasoning and inductive reasoning from abductive reasoning in the classroom, but 
also for further exploring the multifaceted nature of abductive reasoning (i.e. its 
formal and informal elements). And while both Peirce (1992g, 1998e) and Magnani 
(2001, 2009), and indeed Woods (2013), hint at this difference between formal 
reasoning and informal reasoning, I make this distinction much more explicit as I 
suggest it is useful to do so in the context of the classroom. 
 Based on these notions of formal and informal aspects of abductive 
reasoning, it can be argued that much of the abductive reasoning executed by the 
students was informal. This is to be expected based on Magnani’s (2001, 2009) 
theorising, which emphasises the importance of manipulations and observations as 
key components of abductive reasoning. These informal aspects of the students’ 
abductive reasoning better enabled the students to respond creatively and 
speculatively to the anomalies generated by the models. The formal aspects of the 
abductive reasoning enabled the students to make explicit their ideas, but this formal 
reasoning seemed to hinge on the students’ manipulative and visual abductive 
reasoning moves. 
 However while the students did embrace the informal aspects of the 
abductive reasoning, indeed they were liberated by its potential, I propose that 
throughout the different episodes they were for the most part trying to progress 
towards the formal part of the abductive reasoning spectrum. Sometimes they were 
prompted to do so by the DM and EO, but other times they initiated these 
verbalisations and the use of the iPad to create annotated images to formalise their 
ideas. Why the students followed this particular chain of abductive reasoning is 
difficult to determine, but one can speculate with caution. 
 The students may have simply been trying to take advantage of this process 
of formalisation for their investigations, as evident when the students in episode 3 
enthusiastically created an annotated image of the anomaly and their ideas for 
controlling malaria in the real world. But on other occasions it seemed that the 
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students attempted such formalisations because this was a requirement of reasoning 
as determined by classical logic. In other words the students felt the need to 
formalise their ideas in text, photos and the spoken word because only by doing so 
could their reasoning be legitimised (by classical logic). This was evident when the 
students verbally hypothesised and attempted to create annotated images, for 
example the students in episode 2, but when doing so only generated partial 
formalisations of their ideas as manifested in their manipulations and observations of 
the models.  
It was as though the students were forcing themselves to extend the 
abductive reasoning chain to the formal part of the abductive reasoning spectrum 
because they felt a need to do so as opposed to doing so because it advanced their 
investigations. This was often due to the DM, who throughout the three episodes 
constantly nudged the students towards the formal end of the abductive reasoning 
spectrum. While these partial formalisations were of some value in showing gaps in 
the students’ ideas, they were not as valuable to advancing the reasoning process as 
the formalisations that the students generated when they realised the value of this 
process. However another account is possible; the students proceeded to formalise 
their ideas, and to create partial representations, even when they did not seem 
prepared to do so because they wanted to advance their investigations by making 
their ideas more explicit. In other words, the partial formalisations generated by the 
students are evidence of their attempts to advance their investigations. I therefore 
suggest that while the formalising process was a necessary part of the students’ 
abductive reasoning that on occasion it was prematurely pushed. 
 I thus propose that it is important for students to understand both the value of 
the informal and formal aspects of abductive reasoning and to not blindly trust in 
sentential abductive reasoning moves as dictated by classical logic. This extends to 
more knowledgeable others (MKOs, in this case DMs and EOs), who must develop 
similar understandings of abductive reasoning and only support and encourage 
students to execute the formal aspects of abductive reasoning if it advances the 
students’ line of inquiry, and not because classical logic says so. It is not a matter of 
MKOs never pushing students towards formal reasoning, but rather avoiding doing 
so too early. The focus must be on productive struggle and not premature resolution. 
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This variability in the way that the students responded to the formal and 
informal aspects of the abductive reasoning process was also manifest in the varying 
degrees of formalness of their hypothesising, both between groups and within the 
same group over time. I argue this was also a reflection of the multimodal nature of 
the abductive reasoning chains that the students constructed. Very often the students 
were exploring half-thoughts, so trying to engage with their intuitive claims, through 
their observations and manipulations of the models. This hypothesising was highly 
speculative and emerged as the students interacted with the models as they adopted a 
‘try and see’ approach to their investigations. The students’ hypothesising was tightly 
bound up in their manipulations and observations of the models. This was seen in 
episode 2 in which S4, much to the annoyance of S3, set the frequency of the S allele 
to zero and so with only A alleles in the population and ran the model. 
Whereas on other occasions while the students’ hypothesising was still bound 
up in their manipulations and observations of the models, they drew on existing 
explanatory arguments to inform their reasoning as they manipulated and observed 
the models. This was seen in episode 1 in which the students seemed to begin with 
the idea that infected humans should dominate uninfected humans in a malarial 
environment, and henceforth set about manipulating and observing the model using 
this explanatory argument as a framework. And on those occasions when the students 
verbally hypothesised and formalised their ideas in text and photos, for example 
during episode 2 when S3 verbalised an explanation for the appearance of the S 
allele and set about recording this in textual and photographic form, the 
hypothesising attained its more formal status. In these cases the students’ ideas were 
made explicit as explanatory arguments, while staying rooted in the students’ 
manipulations and observations of the models. 
Therefore the formalness of the students’ hypothesising was directly linked to 
the multimodal nature of this process. The hypothesising became more formal as the 
students distanced themselves from their manipulations and observations of the 
models and generated propositions in speech, text and photos. Thus the students’ 
hypothesising formed a continuum; it might start out as a half-thought tightly bound 
up in their interactions with the models, then move to more systematic manipulations 
and observations of the models based on existing explanatory arguments. And then 
finally the students might verbalise their ideas directly as explanatory arguments and 
record them in textual and photographic form. This nature of the abductive reasoning 
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is captured in the metaphor of a chain of multimodal abductive reasoning that was 
constructed by the students, DM and EO as they interacted with the models and 
iPads.  
Such a conceptualisation of students’ hypothesising as varying in formalness 
is not explicitly addressed in this way by the current literature on students’ 
multimodal reasoning in the science classroom (e.g. Prain & Waldrip, 2006; Waldrip 
et al., 2006, 2010). So in this way I am further developing this knowledge about 
discovery in the classroom setting. Similarly this finding extends the work of 
Magnani (2001, 2009) and Peirce (1992g, 1998e), and again Woods (2013) is also 
implicated, to the science classroom as I reconsider their ideas on the highly variable 
nature of the hypothesising process as primarily concerning a continuum of 
formalness. 
5.1.4 Abductive reasoning in the science classroom is the process of 
hypothesising (not the production of hypotheses) 
I argue therefore that the students’ abductive reasoning should be conceptualised as a 
practice, an ongoing process, rather than defined as the generation of products in the 
form of hypotheses. The focus should be on the process and not the product: 
abductive reasoning is hypothesising and not the production of hypotheses. The 
students’ abductive reasoning did not end with their verbalisations, textualisations 
and pictorialisations; rather the students constructed multimodal abductive reasoning 
chains that exhibited varying sequences of moves that had no end point (indeed I 
suggest that they can be seen as linking back on themselves). The students’ abductive 
reasoning was a practice that was executed by the students in collaboration with their 
peers, the DM, EO, models and iPads.  
The hypotheses identified in each of the episodes I present as the formal 
aspects of the abductive reasoning process, in particular the students’ verbalisations 
and annotated images. They constituted sentential abductive reasoning moves and 
thus should be viewed not as products but rather as a continuation of the reasoning 
processes. It was only through extended and detailed analysis that I was able to 
establish that hypothesising and hypotheses formed a continuum as opposed to 
constituting distinct constructs; the former rooted in the naturalised logic and the 
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latter in the classical logic. In this way hypotheses and hypothesising are not distinct: 
rather hypotheses are the formal aspect of hypothesising.  
Therefore in contrast to Magnani’s (2001, 2009) conceptualisation of 
abductive reasoning, which defines this process according to the products it produces 
(i.e. hypotheses: Magnani using this term to refer to ideas in the manipulative, visual 
and sentential forms), I suggest that it is perhaps more productive to define abductive 
reasoning according to the moves that constitute this process, with hypotheses seen 
as the formal aspect of this process (i.e. as sentential abductive reasoning moves). By 
conceptualising abductive reasoning in this way, I extend Magnani’s (2001, 2009) 
quest to equally value informal and formal aspects of abductive reasoning. I propose 
that students’ manipulations and observations of the models should not be valued 
simply as the processes that enable the creation of formal hypotheses, but as part of 
the scientific discovery process in their own right.  
In addition this focus on hypothesising and not the production of hypotheses 
has important ramifications for inquiry in the science classroom. Existing approaches 
to inquiry (e.g. Bevins & Price, 2016; Crawford, 2007; Hume, 2009; Waight & Abd-
El-Khalick, 2011), including the representation-construction approach (e.g. Lehrer et 
al., 2008; Tytler et al., 2013), tend to mainly value hypothesising as a means to 
generate hypotheses; in other words the value of hypothesising is realised as 
hypotheses. But by conceptualising the value of hypothesising as manifest in the 
process itself, I advance the shift away from simply judging students according to 
whether they explicitly articulate ideas that align with canonical science, to 
supporting and encouraging students to execute both the informal and formal aspects 
of this reasoning process in order to develop this discursive practice of science (that 
drives discovery in the classroom). In so doing I that students and MKOs are able to 
focus, as advocated by Kapur (2016), on long-term learning, as reflected in the 
development of their abductive reasoning skills, as opposed to short-term gains, as 
reflected in their performance on assessment that requires them to produce 
explanatory hypotheses prematurely and antecedent to the investigative progress. 
5.1.5 Abductive reasoning in the science classroom is distributed 
As suggested in the preceding discussions, not only was the students’ abductive 
reasoning multimodal but it was also distributed. As shown in Figure 5-2, the 
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students’ hypothesising emerged as they interacted with each other, the DM, EO, 
models and iPads. This finding provides empirical support for Peirce’s (1998b, 
1998g) and Magnani’s (2001, 2002, 2009) proposals that abductive reasoning is 
necessarily distributed. In addition it further supports existing literature that 
demonstrates that learning, including reasoning, through the creation and/or use of 
representations is a distributed process (e.g. Cox, 1999; Zhang & Norman, 1994; 
Zhang & Patel, 2006), which is a key part of the representation-construction 
approach (Prain & Tytler, 2012; Tytler & Prain, 2013; Tytler et al., 2013). However I 
extend this consideration of reasoning as a distributed process specifically to the 
creative aspect of discovery and to the use of multi agent-based models to reason. 
 
 
 
 
 
 
 The setting of the variables, which determined the running of the models and 
began the abductive reasoning process, I argue can be considered a co-construction 
of the students and the models in consultation with the DM and EO. The models 
constrained and guided possibilities such that the setting of the variables can be 
considered a co-construction. While the students determined the settings for the 
models, they could only operate within the limits set by the designers of the models. 
Similarly the students only partially determined the images generated by the models; 
the agents also operated according to certain fundamental behaviours determined by 
Figure 5-2 The distributed nature of the students' abductive reasoning 
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the designers (and coded in the software) that were beyond the students’ control. In 
addition the models were designed to reflect the emergent and chaotic nature of 
natural selection, which added further complexity (and unpredictability) to the 
images, as seen in episode 2 when the students discovered the appearing S allele. In 
some cases the images generated were beyond even the control of the designers, as 
seen in episode 3 when the glitch, a fault with the model, emerged and formed the 
basis for the students’ investigations. This was the model making a unique 
contribution to the reasoning process, which was unmediated (for the most part) by 
the human components of the system. 
  The propositions that the students generated always emerged from their 
interactions with each other, the DM, EO and models, and when they further 
formalised their ideas in text and photographs they did so by interacting with the 
iPads. I suggest that the iPad functioned as an inscription device, in this way I extend 
Latour’s (1986) and Latour’s and Woolgar’s (1986) notion of an inscription device to 
the classroom. The iPads enabled the students to further extend their abductive 
reasoning chains into the formal part of the abductive reasoning spectrum by making 
their ideas explicit in symbolic (i.e. text) and iconic (i.e. photographs) form. As text 
and photographs the students’ ideas were more mobile and less mutable, again using 
the ideas of Latour (1986), thus more suitable for sharing with others and convincing 
them of one’s ideas. This value of the iPad as a part of the abductive reasoning 
system was demonstrated during episode 2 when the DM requested that the students 
record their findings, to which S2 replied that they did not have anything to record 
because they did not yet know what they had found. He was arguing for the use of 
the iPad as an inscription device: the iPad could be used to fix in a more formal form 
their manipulative, visual and verbal abductive reasoning moves. S2 was arguing that 
a particular type of inscription was needed, one that abstracted thoughts related to 
evidence.  
 Some of the abductive reasoning moves made by the students, DM and EO 
facilitated interactions between the parts of this abductive reasoning system. I 
suggest that they enabled the different parts to form a system. This was seen in the 
students’ physical and virtual pointing that enabled the DM and EO, as well as other 
students, to become part of the abductive reasoning system and thus share in the 
reasoning. The social moves, to be discussed shortly, played an even more important 
role in holding this system together. 
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 Therefore the abductive reasoning, I argue, emerged from a system (see 
Figure 5-2) consisting of the students, DM, EO, models and iPads. More specifically 
it emerged from the interactions between these parts. The abductive reasoning was 
the product of an abductive reasoning system. Thus while this study focuses on the 
students’ abductive reasoning, based as it is on the naturalised logic that 
conceptualises the student as a practical agent of reasoning (i.e. the abductive 
reasoning has to be executed by an agent), it is difficult to make sense of this 
reasoning separate from the interactions with the other parts of the system. The 
students’ interactions with the computer models are particularly interesting as they 
enable these models to function as epistemic mediators that afford reasoning, hence 
my focus on the students’ computer-mediated abductive reasoning. 
 I also propose that this abductive reasoning system was not predetermined, in 
the sense that it could only consist of the two students in each pair, the DM, EO, 
models and iPads. Rather the abductive reasoning system changed as the students 
constructed their multimodal chains of abductive reasoning in their quest to solve the 
mysteries. This was seen most clearly during episode 3 when the abductive reasoning 
system expanded to include the students from each of the three groups, as well as 
their models, along with the DM and EO. The number of parts, and thus interactions, 
increased and consequently the dynamism and complexity of the system increased. 
This led to an abductive reasoning system that generated even more creative, 
speculative and refined hypothesising. Therefore when it comes to abductive 
reasoning in the science classroom, I suggest that the more complex the abductive 
reasoning system (i.e. the more parts) then the more powerful is the abductive 
reasoning, however the different parts must cohere. 
5.1.6 Embracing the naturalised logic and critiquing the classical logic in 
science education 
Before discussing how a form of inquiry, specifically the representation-construction 
approach, that recognises abductive reasoning can contribute to generative and rich 
learning in the science classroom (discussed in the next section) it is necessary to 
explore the philosophical shift, specifically a shift in logic, that must take place in 
science education in order for this to occur. The reconceptualisation of the creative 
aspect of discovery that I have just proposed was only possible because I embraced 
the naturalised logic and became aware of, and interrogated, the classical logic.  
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I argue that the naturalisation of logic that Magnani (2009, 2015a, 2015b) and 
Woods (2013) propose as essential for acknowledging and realising the power of 
abductive reasoning in science, and as necessary to demystify the logic of discovery, 
must extend to science education. This necessarily also entails, again extending the 
work of Magnani (2009, 2015a, 2015b) and Woods (2013) to the science classroom, 
challenging the classical logic that dominates not only science but also it seems 
science education. For while the shift from a conceptual change approach to learning 
science (e.g. Chi et al., 2012; Posner et al., 1982; Vosniadou, 1994) towards more 
open inquiry approaches that prioritise discovery, in particular through representation 
construction (e.g. Lehrer et al., 2008; Prain & Tytler, 2012; Tytler & Prain, 2010), 
has seen a turn towards the naturalised logic (and thus a turn away from the classical 
logic), I suggest that this must be extended. I seek to continue this shift towards 
naturalising logic in science education that Tytler and Prain (2010) explored. 
 Firstly the classical logic that determines reasoning only as right reasoning, in 
other words deductive reasoning and inductive reasoning and the formal aspects of 
abductive reasoning, must be critiqued. No longer should the student be seen as only 
executing reasoning as an ideal logical agent, for in this case they would rarely 
reason at all. Reasoning in the science classroom should not be conceptualised as an 
idealised process that finds form only in explicit and systematic ways (i.e. students’ 
verbal, textual and pictorial hypothesising as well the propositions emerging from 
deductive reasoning and inductive reasoning) that are theoretically informed. This 
notion of logic, I argue, is not conducive to abductive reasoning in the science 
classroom. 
This classical logic should be replaced, I propose, with the naturalised logic, 
which determines reasoning as both the right reasoning detailed above as well as 
what classical logic classifies as erroneous and fallacious reasoning (i.e. abductive 
reasoning). In this way reasoning in the science classroom can be conceptualised as 
an agent-based process that is goal-driven and resource-determined: particular 
students, in certain classes at specific times execute reason in order to achieve 
particular goals (i.e. to solve particular problems). And they do so by hypothesising 
in speculative and creative ways, which often breaks the rules of classical logic but 
which may lead to productive learning outcomes. This notion of logic not only 
acknowledges abductive reasoning in the science classroom but also deems it 
necessary for discovery in science and thus for inquiry. The mysterious process of 
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discovery is thus made more amenable to logical analysis (i.e. it can be broken down 
into constituent processes), enabling MKOs and students to not only recognise this 
process but also foster it. This is precisely what I try to achieve in this thesis by 
characterising the students’ computer-mediated abductive reasoning as a collection 
of abductive reasoning moves and social moves (what I call principles) that play out 
as distinctive patterns over time. Precisely how this shift in logic can take place in 
science education is not discussed in detail in this thesis; it needs to be the focus of 
future research. 
 I further argue that not only should this shift in logic take place in the science 
classroom (i.e. among students, more knowledge others, other educators and policy 
makers etc.) but also among those researching science education. Researchers in the 
past (e.g. Lehrer & Schauble, 2006; Mercer, Dawes, et al., 2004; Tytler & Peterson, 
2003; Vosniadou et al., 2004) have normally conceptualised logic in the classical 
sense and thus only conceptualised formal reasoning (i.e. deductive reasoning and 
inductive reasoning as well as the formal aspects of abductive reasoning) as 
legitimate reasoning. The informal aspects of abductive reasoning, which I argue are 
so important to discovery, have been black boxed as alogical processes that while 
valuable for teaching and learning are not subject to detailed analysis. As such our 
understanding of this creative and speculative hypothesising has been limited, and in 
many ways undervalued, and we have not been able to provide clear guidance (based 
on empirical evidence) to those in science education about how to support and 
encourage this creative aspect of science that underpins discovery (and thus inquiry). 
I propose that by naturalising the logic of science, researchers can make significant 
advances in understanding discovery in the science classroom and thus develop a 
more explicit notion of inquiry, and then go about further working with science 
educators to implement this approach in teaching and learning. 
5.1.7 The researcher of science education as abductive reasoner 
As I began this study I, much like the students, DM and EO, adopted the classical 
logic and thus only saw legitimate reasoning as formal reasoning (i.e. deductive 
reasoning and inductive reasoning as well as the formal aspects of abductive 
reasoning). I shied away from the naturalised logic; I wanted to avoid what I then 
saw as the erroneous and fallacious reasoning that the students exhibited in the video 
data (which I soon learned was abductive reasoning). This approach was evident as I 
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was initially drawn to the students’ formal reasoning, mainly in the form of 
verbalisations and associated writings and photographs. I had to intensely and 
repeatedly watch the video data in order to acknowledge the informal aspects of the 
students’ reasoning. This was despite the research focusing from the outset on the 
practical nature of abductive reasoning (i.e. agent-based, goal-driven and resource 
limited) and the importance of its informal elements!  
 While I wanted to focus on informal reasoning this was difficult to do 
because formal reasoning always took centre stage in my mind. It was only after I 
allowed the video data to direct my research focus that I realised I was operating 
according to the classical logic and that I needed to embrace the naturalised logic. 
This just goes to show the power of this classical logic and the challenge we face to 
change this approach and commence the naturalisation of logic in science education.  
 In addition as I conducted the analysis I was reasoning in the same way as the 
students: I could only make sense of the video data via abductive reasoning and in 
particular the manipulative and observational aspects of this process. Much of what I 
did was abductive reasoning as opposed to deductive reasoning or inductive 
reasoning. More specifically all of the new ideas that I generated were initially 
manifest as creative and speculative hypothesising, which I then refined through 
deductive reasoning and inductive reasoning.  
 Instead of manipulating the models and observing the outcomes as the 
students did, I manipulated the video data using Studiocode and then observed the 
altered video data. This was creative and speculative hypothesising in action, with 
my ideas manifest as my interactions with the video data, in particular my 
manipulations and observations of the video data. My hypothesising in regards to 
trying to explain the students’ computer-mediated abductive reasoning was not in my 
head, but rather distributed in an abductive reasoning system consisting of myself, 
the video data, the literature and others with which I worked. And this abductive 
reasoning, just like that of the students, was multimodal; I manipulated the video, 
observed the video, created text and diagrams and had endless conversations in order 
to hypothesise about science students’ computer-mediated abductive reasoning. This 
is one key reason why the writing process was so very challenging; for much of the 
research journey I was not ready to formalise my ideas that were bound to my 
manipulations and observations of the video data. Trying to move from the video 
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data to text and diagrams was very challenging! Even in this final form as a thesis, I 
argue that my ideas are not present as finite hypotheses but rather as hypothesising in 
its formal form. And this hypothesising will continue as my future research. 
 Therefore I argue that in order to explore and realise abductive reasoning in 
the science classroom, as part of inquiry, that researchers should to turn their analytic 
gaze on themselves. I suggest that neither Peirce (1998b) nor Magnani (2001, 2009), 
or indeed Woods (2013), reflect on themselves in this way as researchers, rather they 
reflect on themselves as philosophers who like all other individuals must necessarily 
engage in abductive reasoning. This is not surprising considering that they primarily 
operate in the theoretical as opposed to empirical realm. However I propose that to 
date even those operating in the empirical domain of researching reasoning in 
science education (e.g. Hogan & Maglienti, 2001; Lehrer & Schauble, 2012; Mercer, 
Dawes, et al., 2004; Tytler & Peterson, 2000) should do more to consider their own 
research practices in light of abductive reasoning. There is a need for a more nuanced 
account of methodological processes. While these researchers no doubt value the 
creative aspect of their research, they have not identified and analysed this as a 
logical process. If they do so I argue that they (including myself) could better 
recognise and value their own creativity as abductive reasoning, as well as that of 
students in the science classroom, that is central to their efforts to support and 
encourage reasoning in the classroom as a driver of discovery. 
5.2 Generativity and richness of learning when abductive reasoning 
underpins inquiry in the science classroom 
Thus far I have discussed reconceptualising the creative aspect of discovery as 
abductive reasoning, as well as the implications for the way in which the discovery 
process is conceptualised as inquiry in the science classroom. Now I will argue that 
when abductive reasoning is acknowledged in this way as a part of inquiry, in 
particular the representation-construction approach, that learning is generative and 
rich. This is particularly evident when the abductive reasoning-based approach to 
inquiry is considered in light of Peirce’s (1992c) fixation of belief, D’Mello’s and 
colleagues’ (2014) productive confusion and Kapur’s (2008) productive failure. I 
therefore propose that recognising and embracing abductive reasoning advances the 
continued development of the representation-construction approach as a valuable 
approach to learning, and that the constructs of productive confusion and productive 
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failure while informative for inquiry, are enriched when viewed through the lens of 
abductive reasoning. 
5.2.1 Abductive reasoning is valuable in its informal manifestation and need 
not lead to solutions to be valuable in the science classroom 
In many ways the students in this research could be said to have not succeeded in 
terms of developing a comprehensive understanding of the key concepts of natural 
selection (as addressed by each of the models) or generating representations aligned 
with the canonical representations of science. This was evident not only in the video 
data and the students’ Explain Everything projects, but also in their results for the 
pre-test and post-test. In addition while the students in episode 2 and episode 3 were 
able to generate solutions to the anomalies with which they were satisfied, they were 
not as successful in fixing these ideas in verbalisations, text and even photographs. 
The students in episode 1 struggled in a similar way, but also did not succeed in 
creating a solution with which they were satisfied. So what was the value for the 
students of struggling in the deep end of this problem solving? More specifically, 
was there value in their abductive reasoning, which was primarily informal in nature, 
as a means of learning about natural selection and more broadly as a way for them to 
develop capabilities in the discursive practices of science? 
 The answer to this question is, I argue, yes. The students in each of the 
episodes were able to collaborate not only with their peers but also the DM and EO, 
while interacting with the models and iPads, to generate an impressive range of rich 
ideas relating to the epidemiology of malaria and its function as a selective pressure 
on the human genome. For example during episode 3, the students collaborated to 
create some highly imaginative and rich solutions to controlling malaria in the real 
world, including strapping blood bags to dummies located near ponds! But these 
solutions to the anomalies were also at times deemed by the students to be 
unsatisfactory for solving the mysteries. Therefore while in many cases the students’ 
ideas were not aligned with canonical science, they were still highly valuable 
because they constituted an array of ideas that were the students’ own. This finding is 
commensurate with research that shows that it is highly valuable for students to 
generate a multitude of different representations as a means of constructing their own 
understandings of scientific phenomena because by doing so they can develop their 
understanding of the role of representations in knowledge building (diSessa, 2004; 
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diSessa et al., 1991; diSessa & Sherin, 2000) as well as developing transferable and 
flexible understandings of key scientific ideas through constructing and using an 
array of different representations (e.g. Ainsworth, 2006; Cox, 1999; Zhang, 1997).   
 But more than this I argue that the students were developing the ability to 
execute multimodal abductive reasoning as a part of a distributed system, 
remembering that their ideas were manifest as hypothesising. As Peirce (1992a, 
1998a, 1998f) and Magnani (2001, 2009) clearly demonstrate, this is a central aspect 
of the work of scientists (and mathematicians) and is an important discursive practice 
of the discipline. Without abductive reasoning there would be no discovery in 
science, as there would be no generation of new ideas. Similarly I suggest that there 
can be no discovery in science classrooms without abductive reasoning. Thus by 
shifting the focus from the products that the students generated, in the form of their 
performance on the tests and their Explain Everything projects, to the process of 
abductive reasoning that they executed, I argue that the students experienced rich 
learning in the session that was highly generative of new ideas. I am extending the 
existing literature (e.g. Hogan & Maglienti, 2001; Lehrer et al., 2008; Mercer, 
Dawes, et al., 2004; Tytler et al., 2013) that posits the importance of students’ 
developing their ability to reason in order to partake in authentic science to include 
abductive reasoning as a key focus of inquiry in the classroom.  
 Hence I argue that because much of the students’ abductive reasoning was 
informal in nature, yet still highly valuable to learning as it generated rich ideas, that 
these informal aspects of abductive reasoning need not lead to formal aspects to be 
valuable for hypothesising in the science classroom as a part of inquiry. The 
abductive reasoning chain need not end with formal reasoning to be valuable for 
student learning. On numerous occasions throughout the different episodes, even 
though the students could not explicitly articulate in a propositional form why the 
mystery persisted and how it could be solved, they were strongly motivated and 
enabled to investigate the mystery by manipulating and observing the models. What 
this means for abductive reasoning in the classroom, particularly in the context of 
inquiry as representation-construction, is that students’ hypothesising will exhibit 
varying degrees of formalness, which while indicative of different aspects of the 
abductive reasoning process do not reflect the potential value of these processes for 
the students’ explorations of scientific phenomena and their making of discoveries in 
the classroom. In so doing I am casting new light on the abductive reasoning that 
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underpins reasoning and learning processes through inquiry that have been described 
by previous research (e.g. Bevins & Price, 2016; Hume, 2009; Lehrer et al., 2008; 
Tytler et al., 2013). I am trying to articulate in a clear and logical way (i.e. logic in its 
formal sense) the precise way in which the generation of new ideas, as a component 
of reasoning, contributes to this rich learning.  
 I also extend to the science classroom a proposal put forward by Magnani 
(2001, 2009), again based on Peirce (1992a, 1998a, 1998f), which stipulates that 
while abductive reasoning might begin the reasoning process and often lead to 
deductive reasoning and inductive reasoning, this relationship does not circumscribe 
the value of abductive reasoning as a part of inquiry. Abductive reasoning does not 
only have value because it leads to deductive reasoning and inductive reasoning, but 
also value in its own right. Following Peirce’s (1992d, p. 129) articulation of a habit 
as “a rule of action,” I suggest this approach to reasoning is a valuable habit for 
students as it can set them up to be agile problem solvers with dispositions towards 
abductive reasoning (in particular the most creative and speculative aspects of this 
process) and discovery. This can be seen with this study in my focusing solely on 
abductive reasoning and my demonstrating the value of this process for learning, and 
more broadly as an important discursive practice of science that students need to 
develop, without exploring the manifestation of deductive reasoning and inductive 
reasoning in the session. I suggest that such a valuing of abductive reasoning in 
relation to deductive reasoning and inductive reasoning should be made a priority in 
research concerning inquiry, in particular research that involves a Peircean account 
of reasoning as a semiotic process (e.g. Carolan et al., 2008; Prain & Tytler, 2012; 
Waldrip et al., 2010). However more research needs to be done to explore the 
relationship between these three different types of reasoning in the science 
classroom. 
5.2.2 Realising the potential of abductive reasoning for inquiry in light of 
fixing belief, productive failure and productive confusion 
In order to further consider the value of recognising abductive reasoning as a 
component of inquiry, specifically the representation-construction approach, it is 
worth returning to Peirce’s (1992c) original work, in particular his notion of the 
fixation of belief. In addition it is valuable to consider the students’ computer-
mediated abductive reasoning from more recognisably educational viewpoints, 
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specifically those of Kapur’s (2008) productive failure and D’Mello’s, Lehman’s, 
Pekrun’s and Graesser’s (2014) productive confusion, which have significant 
potential to inform inquiry in the science classroom. Peirce (1998b), and indeed 
Magnani (2001, 2009) and Woods (2013), operate in a philosophical realm that is 
removed from the realities of the science classroom. However as I will argue, while 
the notions of productive failure and productive confusion are empirically grounded 
they also need to be reconsidered in light of abductive reasoning as a process that 
enables generative and rich learning. 
 Firstly I will discuss Peirce’s (1992c) notion of the fixation belief, which also 
helps us to consider the students’ abductive reasoning in relation to productive 
confusion and productive failure. In all three of the episodes, I suggest that the 
students entered a state of doubt when they observed the anomalies generated by the 
models. Doubt being a different way, with perhaps fewer negative connotations, to 
consider the students’ confusion. In each case this doubt was an epistemic itch that 
the students had to scratch; they needed to cease this doubt in order to fix their 
beliefs concerning natural selection, which then influenced their actions particularly 
in relation to exploring the mysteries through the models. I propose that the way in 
which the students went about ceasing this doubt and fixing their beliefs was via 
their computer-mediated abductive reasoning.  
 By hypothesising solutions to the mysteries, the students in episode 2 and 
episodes 3 ceased their doubt and fixed their beliefs as they created satisfactory 
solutions. This enabled them to continue their explorations with the models and to 
continue creating ideas. Although the students in episode 1 never created a 
satisfactory solution, they were still attempting to fix their beliefs in this same way. It 
mattered not that the ideas that the students generated, in the form of the 
representations in the models and Explain Everything projects, did not match those 
of canonical science. Following Peirce (1992c), as long as the students were satisfied 
with their fixed beliefs and these could then determine their actions, it mattered not 
to the students whether their beliefs were correct according to external criteria (or 
reality). Although it may well have mattered to the DM and EO. In this session, as in 
all science classrooms, canonical science is the external criteria that frames more 
knowledgeable others’ assessments of the adequacy of students’ beliefs.  
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 Therefore, I argue, the value of abductive reasoning for inquiry in the science 
classroom can be realised as a means to fix belief. The students in this study 
experienced generative and rich learning not because they understood reality, or 
aligned their representations with those of canonical science, but because they 
created ideas that enabled them to explore natural selection. It is in this way that I 
argue that the representation-construction approach (e.g. Lehrer et al., 2008; Tytler et 
al., 2013), and inquiry more broadly (e.g. Bevins & Price, 2016; Crawford, 2007; 
Hume, 2009), can be advanced by considering abductive reasoning as forming an 
important part of this discovery process. I suggest that without abductive reasoning 
students cannot respond to the epistemic itches that are necessarily involved in 
inquiry. 
 I further suggest that we can move closer to the realities of teaching and 
learning in the classroom by considering the students’ abductive reasoning in relation 
to D’Mello’s, Lehman’s, Pekrun’s and Graesser’s (2014)  construct of productive 
confusion. As just discussed, while the students may not have developed canonical 
representations and understandings of science, they were able to generate rich ideas 
in the form of creatively and speculatively hypothesising in response to the 
mysteries. I propose that this abductive reasoning was a pathway out of the confusion 
generated by the models. By engaging in this abductive reasoning the students were 
able to resolve their confusion by creating solutions with which they were satisfied, 
thus avoiding the frustration and boredom that can occur when confusion persists. 
Again the students did not judge their success at resolving the confusion based on 
external criteria (i.e. canonical science), but rather they determined that their 
confusion was resolved when their ideas satisfactorily explained the mysteries. Again 
episode 1 was somewhat different in this regard to episode 2 and 3, with S5 and S6 
never generating a satisfactory solution and so never resolving their confusion. 
However they did not appear to become frustrated or bored at failing to resolve this 
confusion, possibly because they only stopped investigating due to the DM directing 
them to another task and so they still had confidence in solving the mystery via 
abductive reasoning (if given the chance).  
I therefore argue that the confusion caused by the anomalies generated by the 
models was productive in nature because these anomalies did not match the students’ 
existing ideas about the epidemiology of malaria and its role as a selection pressure 
on the human genome and thus necessitated that the students address this mismatch. 
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While this thesis is not adopting an explicitly cognitive approach, it is worthwhile 
considering this confusion from the Piagetian (1955, 1978) perspective that frames 
research (e.g. D’Mello & Graesser, 2012; Graesser & D’Mello, 2011; Lehman et al., 
2012; Lehman et al., 2011) concerning productive confusion. According to this 
perspective, the anomalies created cognitive disequilibrium and the students needed 
to re-establish this equilibrium by either fitting the anomalies into their existing 
understandings (assimilation) or developing new frameworks of understanding based 
on these anomalies (accommodation). I suggest that the students attempted to re-
establish this equilibrium, and in the case of episode 2 and episode 3 succeeded in 
doing so, by creatively and speculatively hypothesising ideas in response to the 
anomalies. Whether this constituted assimilation or accommodation is not important 
for this thesis, although it seems likely that accommodation was at play. Rather what 
is important is that the confusion generated by the anomalies required the students to 
respond and they did so by executing abductive reasoning, which enabled them to 
address this confusion and in the process develop rich ideas about natural selection. 
The reason that this abductive reasoning seemed to be such a useful way for 
the students to address the confusion generated by the anomalies is perhaps due to its 
informal nature. In contrast to more formal types of reasoning, such as deductive 
reasoning and inductive reasoning, or even the formal aspects of abductive 
reasoning, the students’ manipulations and observations of the models enabled them 
to respond to the anomalies, and negotiate the associated confusion, without needing 
to explicitly articulate ideas. They were not paralysed by the need to formalise their 
ideas, which were at this early stage manifest as half-thoughts that played out as 
manipulative and visual abductive reasoning moves. They could straightaway start to 
feel their way along a pathway out of confusion (a pathway that they needed to build) 
that in some cases became clearer as they extended their abductive reasoning chain to 
the formal end of the abductive reasoning spectrum. And they could likely further 
extend this pathway through deductive reasoning and inductive reasoning.  
Therefore I extend the research concerning discovery in the classroom, in 
particular that concerning representation-construction (e.g. Carolan et al., 2008; 
Lehrer & Schauble, 2012; Prain & Tytler, 2012), by suggesting that abductive 
reasoning is likely to be valuable as a part of inquiry because it is a means for 
students to negotiate the confusion they encounter when exploring scientific 
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phenomena, in particular that created by anomalies. I propose abductive reasoning as 
a pathway out of confusion.  
However I suggest that a more productive approach to inquiry is to focus not 
on productive confusion per se, but rather to reconsider the notion of productive 
confusion in light of abductive reasoning. I propose that the productive nature of 
confusion is manifest as abductive reasoning. Productive confusion seen through the 
lens of abductive reasoning primarily concerns the creation of multiple generative 
leads by students allowing them to feel their way towards an understanding of 
scientific phenomena (i.e. as speculative and creative hypothesising). In this way the 
focus of inquiry is not just the attainment of particular learning gains due to the 
resolving of confusion, but rather the generation of rich and complex ideas via 
abductive reasoning. Generative leads as opposed to pathways become the focus. In 
addition by focusing on a logical process such as abductive reasoning that can be 
identified and analysed (so broken into constituent processes), as opposed to 
productive confusion that is difficult to clearly define, the core processes of inquiry 
as discovery in the classroom can be better nailed down and fostered in the 
classroom.  
The potential value of abductive reasoning as a lynchpin of inquiry in the 
science classroom, due to the generative and rich learning it makes possible, is 
further enhanced I argue by considering Kapur’s (2008) construct of productive 
failure that he has extensively researched (e.g. 2010, 2011, 2012, 2014) . As outlined 
earlier, the session was designed such that the students were provided with minimal 
guidance, in the form of epistemic scaffolding, in their exploration of the mysteries. 
However they did receive support and encouragement from the DM and EO to 
embrace the challenge of conducting an investigation. The mysteries constituted ill-
defined problems in the sense that Kapur describes in relation to productive failure.  
I suggest, following Kapur and Bielaczyc (2012), that when the students 
executed abductive reasoning in response to the mysteries, they were at the 
generation and exploration phase of productive failure; they interacted with each 
other, the DM, EO, models and iPads to hypothesise in response to the anomalies 
generated by the models. In other words they created and explored ideas, in the form 
of various representations, that were highly varied and which did not match those of 
canonical science. As such, while the students may have failed in the short-term to 
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align their ideas with canonical science, their struggle was productive because the 
students generated their own rich and varied ideas about natural selection, consistent 
with Kapur’s (2008, 2010, 2011, 2012, 2014) argument that ill defined problems 
generate rich and non-linear thinking. In addition, following the work of Kapur 
(2008, 2016), I suggest that the students’ complex and chaotic explorations of the 
problem space (as defined by the mysteries) had the potential to lead to long-term 
learning, although this was not addressed in this study.  
Therefore, as was the case with productive confusion, I argue that Kapur’s 
(2015) notion of the generation and exploration phase of productive failure is more 
usefully reconceptualised as abductive reasoning. The productive nature of failure is 
manifest as abductive reasoning. Looking at productive failure through the lens of 
abductive reasoning, the focus becomes the process of students feeling their way 
towards an understanding of scientific phenomena through the creation of multiple 
generative leads (i.e. as speculative and creative hypothesising), which, following the 
work of Schwartz and Bransford (1998) and Bransford and Schwartz (1999), leads to 
rich and non-linear exploratory thinking around the problem space. 
In so doing I propose that the focus of inquiry is even more concentrated on 
the generation of rich and complex ideas, in other words generative leads, not only in 
relation to the consolidation of such ideas (i.e. as learning gains) in the context of 
canonical science but in its own right. In addition by conceptualising the generation 
and exploration phase as a logical process (i.e. as abductive reasoning) then it can be 
identified, analysed and thus more effectively supported and encouraged in the 
classroom. It is through the notion of abductive reasoning as articulated in this thesis 
that the specifics of the generation and exploration phase can be more clearly 
determined and thus discovery in the classroom, as a part of inquiry, can be better 
supported and encouraged. 
I argue, therefore, that inquiry, in particular involving student construction of 
representations, should acknowledge and foster abductive reasoning in the classroom 
if school science is to better approximate authentic science. Students cannot make 
discoveries without abductive reasoning. While the constructs of productive 
confusion and productive failure are informative of investigations of inquiry, 
including the creative aspects of the discovery process, a clear articulation of the 
nature and value of abductive reasoning processes makes it possible to clearly 
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determine the underlying processes. In doing so I argue that it is then possible to 
identify, analyse, support and encourage this creative aspect of discovery in the 
classroom. Discovery is all about generating new ideas. As such, generative leads of 
the sort identified in this study, which ultimately determine learning gains, should be 
a priority in inquiry. A representation-construction inquiry approach that embraces 
abductive reasoning, I argue, makes this possible. 
5.3 Multi agent-based computational models as epistemic mediators 
that afford and productively constrain abductive reasoning in the 
science classroom 
Thus far I have discussed the student component of science students’ computer-
mediated abductive reasoning by outlining the nature of this reasoning process and 
the generative and rich learning it enables as part of inquiry. I argued that the 
students’ abductive reasoning was distributed and that these models were an 
important component of this system. But what was the specific role of the models in 
mediating this reasoning process? What do the models look like when closely 
analysed under the Magnanian (2001, 2009) lens?  
 I argue that the models constituted epistemic mediators that both afforded and 
productively constrained the students’ abductive reasoning, but only did so in the 
context of the representation-construction pedagogy that framed the session and 
specifically in relation to natural selection as a complex system. I also suggest that 
the different types of representational output generated by the models significantly 
impacted the way in which the students interacted with the models to conduct 
abductive reasoning. And the relationship between the models and the real world was 
critical to the value of these models as epistemic mediators that afforded abductive 
reasoning. 
5.3.1 Models afford abductive reasoning by creating anomalies and the means 
to solve these mysteries in the science classroom 
Considering the nature of the students’ computer-mediated abductive reasoning that 
was just outlined, I propose that the models were particularly valuable digital 
representations because they afforded the students’ abductive reasoning about natural 
selection. They made it possible for the students to creatively and speculatively 
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hypothesise. In this way I argue that the models were epistemic mediators because 
they enabled the students’ to productively execute abductive reasoning in their 
exploration of the mysteries.  
But before discussing the precise way in which this took place, it is first 
necessary to articulate another important role fulfilled by the models: their generation 
of the anomalies. It was the models that generated the anomalies that surprised and 
confused the students. In other words they generated the doubt that necessitated the 
abductive reasoning: the models generated the problems that formed the focus of 
inquiry. They presented the students with information concerning the epidemiology 
of malaria and the hbb gene that did not match their existing understandings.  
The different models in each of the episodes generated these anomalies in 
different ways that impacted the confusion experienced by the students (and in some 
cases the confusion experience by the DM and EO) and thus their hypothesising. In 
the case of episode 1, the anomalies generated by the model were expected by the 
DM based on previous runs of the model and their understanding of the scientific 
phenomena of interest. The model was coded to perform in this way and as such the 
missing malaria confused the students, but not the DM. This confusion led to the 
students hypothesising in direct response to the model (i.e. their hypothesising 
concerned the model that was immediately observable). As such the designers and 
the DM expected this productive confusion created by the model. 
The anomalies that underpinned the mystery of the appearing allele were 
expected by the designers of the model but were not expected by the students or DM. 
The model was designed so that there would always be some S alleles present even if 
the initial frequency was set at 0. But the students and DM were not aware of this 
element of the model and the designers did not expect that it would pique the interest 
of the students. But the students did notice this ex nihilo appearance of the S allele 
and responded to the confusion it generated by hypothesising. The DM was surprised 
by the students’ discovery, which reflected some level of confusion. So the students, 
and indeed the DM, interpreted what was a consequence of the model coding as a 
result of the genetic coding in the population; they reinterpreted the spontaneous 
creation of the S allele by the model code as a genetic mutation in the population. In 
this case the confusion led to the students hypothesising such that they linked the 
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model to the broader body of biological knowledge (i.e. their hypothesising went 
beyond the immediately observable model).  
The mystery of the marauding mosquitos was based on anomalies that were 
of a different nature from episode 1 and episode 2 and these resulted again in a 
different type of confusion. The DM, EO and students did not expect these 
anomalies, and they were also not expected by the designers. The repeated biting of a 
single human near each of the ponds by all of the mosquitos was caused by an 
unintended consequence of the model coding. The model was not supposed to run in 
this way. The students were confused by this anomaly but embraced it as productive 
as they used it as the basis for hypothesising about controlling malaria in the real 
world. Therefore the confusion led to the students hypothesising such that they 
linked the model to the real world, they used the model to radically reconsider 
reality. However the DM, who was also confused by the anomaly, initially perceived 
this anomaly as a glitch and as unproductive because the model did not accurately 
reflect reality. For the students this anomaly was worth exploring but for the DM it 
was hindering other productive lines of inquiry. It took some time for the DM to see 
the anomaly as productive, while the EO arrived at this conclusion some time earlier. 
Thus during episode 3, an unintended fault with the model, something expected by 
neither the designers, DM, EO or students, functioned as productive confusion that 
propelled the students’ abductive reasoning. 
Thus a key feature of all the anomalies generated by each of the models in all 
three episodes was that they engendered a type of confusion that was not induced or 
planned, but which I argue organically developed as the students interacted with the 
models. Just as the students’ creative and speculative hypothesising emerged from 
their interactions with the models, so too did the anomalies that necessitated this 
abductive reasoning. This type of confusion was possible because the models 
simulated complex systems involving chaos and emergence, such that the anomalies 
generated were not expected by the students (all three episodes), and on occasions 
even the MKOs (episode 2 and 3) and designers of the models (episode 3) were 
surprised. 
I propose that this type of confusion is more genuine than the induced or 
planned confusion that has to date been the focus of research (e.g. Lehman et al., 
2012; Lehman et al., 2011) into productive confusion. It is therefore more likely to 
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lead to the involvement of MKOs (they cannot prepare for every eventuality of the 
models) in the abductive reasoning process and is also more likely to lead to students 
undertaking abductive reasoning that is generative of an array of new, rich and 
complex ideas. Students are more cognitively and emotionally driven to resolve this 
confusion because the problem is real as opposed to having been set up by MKOs. In 
other words such anomalies create conditions of discovery more akin to authentic 
science; scientists conduct abductive reasoning in response to that which they do not 
understand and which thus surprises and confuses them.  
In addition to extending the study of productive confusion in this way, by 
suggesting that organic as opposed to induced confusion is more likely to lead to 
learning via abductive reasoning, I also suggest that the potential of multi agent-
based computational models to generate such confusion has to date been unrealised. 
Existing research (e.g. Basu et al., 2015; Blikstein & Wilensky, 2009; Dickes & 
Sengupta, 2013; Wilensky & Reisman, 2006) concerning the value of such models 
for science students’ reasoning about complex systems, including natural selection, 
has not considered the way in which the simulation of complexity and emergence 
might engender spontaneous and genuine confusion in students through the creation 
of anomalies. As will soon become clearer, I suggest that these models can be 
valuable for discovery in the classroom, particularly in regards to complex systems 
such as natural selection, because this confusion is likely to lead to students engaging 
in speculative and creative hypothesising (i.e. abductive reasoning). The anomalies 
created by such models demand the attention of students and can be resolved through 
the generation of new ideas. 
The final point to make about the anomalies generated by the models is that 
they were sufficiently challenging to engage and motivate the students to explore the 
mysteries, but not so difficult that the students did not know how to proceed. Just as 
importantly they were not so easy as to require the students to simply re-express their 
existing understandings. In other words the amount and type of confusion, or doubt, 
was optimal for abductive reasoning; the students were compelled to generate and 
explore new ideas and they had the means to do so. This supports existing research 
(e.g. D'Mello, Dale, & Graesser, 2012; D'Mello & Graesser, 2011; D’Mello & 
Graesser, 2012; Graesser et al., 2005) that presents confusion as only productive if 
students are challenged but with a clear means of negotiating these problems. In 
addition the literature concerning inquiry that highlights the importance of optimally 
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challenging students in the science classroom (e.g. Barrow, 2006; Bevins & Price, 
2016; Minner et al., 2010) is also supported by my research. I thus propose that 
anomalies generated by multi agent-based computational models can enable this 
optimal level of challenge in the context of inquiry.  
In the context of productive failure, I suggest that the anomalies generated by 
the models were the ill-defined problems that the students had to resolve, and which 
they ultimately failed at in terms of generating ideas that matched canonical science. 
However we have seen that this failure was productive because the students engaged 
in abductive reasoning; they created a range of new, rich and complex ideas about 
natural selection. This is another way in which the abovementioned existing research 
on NetLogo models as facilitators of learning is extended; they can be seen as 
creating the ill-defined problems that frame inquiry in the classroom. However it is 
again more productive, in relation to discovery in the classroom, to talk not of 
failure, even if phrased as productive, but rather the creation of multiple generative 
leads via abductive reasoning. 
Thus far I have proposed that the models were able to create potentially 
productive confusion for the students through generating anomalies; they created the 
opportunity for students to engage in abductive reasoning. But how did the students 
construct and navigate pathways out of this confusion? Or in light of my take on 
productive confusion in relation to abductive reasoning: how did the students 
generate and explore new ideas through the creation of generative leads? I propose 
that the models functioned as epistemic mediators that enabled the students to 
negotiate this confusion; they afforded abductive reasoning about natural selection. 
When the students were confronted by the anomalies in each of the three 
episodes, and experienced surprise and confusion, I argue that they sought to solve 
the mysteries by interacting with the models. The models afforded the students 
abductive reasoning, in particular the informal aspects of this process, by enabling 
them to explore and elaborate their half-thoughts, manifest as intuitive claim-making, 
by manipulating and observing the models. The students were able to execute highly 
creative and speculative hypothesising by interacting with the models. After which 
they could explore the formal end of the abductive reasoning spectrum by executing 
sentential abductive reasoning moves. Without being able to flexibly manipulate 
these models it is likely that the students may have been unresponsive to the 
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anomalies generated by the models because they would not have the means (i.e. the 
models) to begin constructing a pathway out of this confusion by engaging in the 
informal aspects of abductive reasoning. In others words they would have struggled 
to create generative leads. They may have been paralysed by the need to explicitly 
articulate their ideas through executing the formal aspects of abductive reasoning. 
In each of the episodes, I propose, the models afforded the students the ability 
to engage in abductive reasoning in a way that was above and beyond what they 
could achieve using just their minds and bodies. I argue that multi agent-based 
computational models are a particular type of digital representation that goes beyond 
other representation-production modes (e.g. Lehrer & Schauble, 2006; Tytler et al., 
2013) in powerfully affording abductive reasoning. These models do not simply 
afford reasoning as defined by classical logic (i.e. deductive reasoning and inductive 
reasoning) but rather they enable students to creatively and speculatively hypothesise 
in flexible ways.  
In addition I also add to the existing literature (e.g. Dickes & Sengupta, 2013; 
Jacobson et al., 2015; Sengupta & Wilensky, 2011) exploring the value of such 
models for students’ reasoning about complex systems, including natural selection, 
by proposing that the value of such models should be considered in regards to 
abductive reasoning. These models do not just facilitate students’ bootstrapping or 
ability to execute the prediction-simulation-explanation cycle nor reasoning from 
different perspectives (i.e. agent perspectives versus aggregate perspectives), but 
rather these models also afford students’ generation and creation of new ideas.  
The models were a powerful part of the abductive reasoning system; they 
were a virtual extension of the students’ minds and bodies, just as Magnani (2013) 
argues a pencil is a physical extension of the individual that enables the creation and 
exploration of new ideas. So just as Magnani (2013) argues that the drawings of 
Lobachevsky enabled him to radically reconsider geometry, I propose that the 
models enabled the students to reconsider (sometimes radically, as in the case of 
episode 3) the epidemiology of malaria and its functioning as a selection pressure. 
Thus I provide empirical evidence for Magnani’s (2001, 2009) notion of epistemic 
mediators as representations that afford abductive reasoning. The models were 
epistemic mediators that afforded the students’ abductive reasoning, or in the words 
of Peirce (1992c), D’Mello, Lehman, Pekrun and Graesser (2014), and Kapur (2008); 
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they enabled the students to fix their beliefs, construct and navigate pathways out of 
confusion and served the generation and exploration phase of productive failure. 
This power of the models as epistemic mediators that afforded highly creative 
and speculative hypothesising was particularly evident in episode 3 when the 
students used the glitch as the basis to speculatively hypothesise about controlling 
malaria in the real world. These students interacted with the model, I propose, to 
radically reconsider reality. While the models were based on the real world they were 
not entirely constrained by reality, simulating complex systems with much chaos and 
emergent properties, and as such enabled the students to reimagine reality. The 
models functioned similarly as epistemic mediators in episode 1 and episode 2. In 
episode 1, the students were able to interact with the model to hypothesise about the 
spread of malaria through a population, and during episode 2 they were able to 
hypothesise about the spontaneous mutation and dominance of the S allele in a 
malarial environment.  
Taking a lead from Peirce (1998b) and Magnani (2001, 2009), I propose that 
this is what discovery in science and science classrooms is all about; thinking beyond 
what one already knows and reconsidering what is possible in reality. I thus seek to 
continue and extend the work of Lehrer and Schauble (2006, 2010, 2012) and Lehrer 
et al. (2008) in regards to exploring, in the context of inquiry, the relationship 
between models as representations that have a particular relationship with the world 
(in particular the natural world). I argue that multi agent-based computational models 
are powerful models because they afford discovery through abductive reasoning in 
such a way that students can even radically reconsider reality.  
5.3.2 Models productively constrain abductive reasoning in the science 
classroom 
I propose, extending the work of Prain and Tytler (2012) to the digital realm of multi 
agent-based computational models, that the primary reason for the models 
functioning as effective epistemic mediators of the students’ abductive reasoning was 
the way in which they productively constrained the students’ investigations. The 
students were not unguided in their explorations of the mysteries and their 
hypothesising was not unbridled because the models created a set of boundaries 
within which the students could explore the epidemiology of malaria and its 
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functioning as a selection pressure on the human genome. The students could only 
alter those variables made available by the model and within the limits set by the 
designers. However the students were free to determine the specific values within 
these limits. The models were purpose built to support and encourage the students’ 
investigations of natural selection. The designers and Centre staff very carefully 
considered the variables for the models and the limits for these variables in regards to 
maximising the students’ explorations of the core concepts of natural selection, while 
trying to foster the students’ hypothesising and directing them towards the canonical 
understandings and representations of science. 
 Without these productive constraints of the models it is possible that the 
students’ abductive reasoning may not have been as productive. While the students’ 
hypothesising would have been less restricted, and so their hypothesising may have 
been even more speculative and creative, this may have led them too far from the 
canonical understandings and representations of science. They may have become too 
disconnected from reality; the imagination must be somewhat bridled otherwise the 
process of discovery loses meaning. While a range of literature (e.g. Blikstein & 
Wilensky, 2009; Dickes & Sengupta, 2013; Sengupta & Wilensky, 2011) speaks to 
the use of multi agent-based computational models for supporting learning about 
complex systems, I argue that the value of these models also includes their 
functioning as epistemic mediators that afford abductive reasoning. And that the 
optimisation of such models must include a consideration of the productive 
constraints at play. 
 In addition to the constraints imposed by the models, the students’ abductive 
reasoning was also productively constrained by the DM and EO. They supported and 
encouraged the students’ abductive reasoning as they executed their own abductive 
reasoning moves and social moves. The carefully designed models, with their inbuilt 
productive constraints, and the further guidance provided by the DM and EO 
reflected the broader guided nature of the session. I thus suggest that when it comes 
to research into scaffolding inquiry (e.g. Basu et al., 2015; Hmelo-Silver et al., 2007; 
Schmidt et al., 2007; Sweller et al., 2007) that the purpose and value of interventions 
of MKOs and the boundaries set up by representations can be productively viewed as 
productively constraining students’ investigations. 
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5.3.3 Models consist of both agent-based (iconic) and abstract (symbolic, 
indexical) representations 
In order to more clearly articulate the way in which the models functioned as 
epistemic mediators that afforded the students’ abductive reasoning it is necessary to 
consider the different types of representational output that the models generated. 
While a detailed semiotic analysis of the models as digital representations is beyond 
the scope of this thesis, it is important to consider the way in which the students 
engaged with the worlds and graphs (the two main types of data output) to explore 
natural selection. By doing so I can make some suggestions as to the best way to 
design such models to afford abductive reasoning, in particular when it comes to 
teaching and learning about natural selection in an inquiry context. 
Although it is difficult to demonstrate with any degree of certainty, it seems 
that the students’ interpretations of the various graphs were significantly informed by 
their interpretations of the worlds (when both sources of data were present in the 
model). The students seemed better able to interpret information in the worlds than in 
the graphs, thus the worlds seemed more accessible to the students compared to the 
graphs. This was probably because the worlds explicitly showed the agents (humans, 
mosquitos and malaria parasite) interacting and executing their behaviours, while the 
graphs showed this same information but in a highly abstracted form. However 
because these graphs displayed information in this abstracted form they were 
particularly useful for establishing trends in the interactions between the different 
agents, which underpinned the students’ noticing of the anomalies. 
Following Peirce’s (1998g) differentiation between three types of 
representations, I suggest that the worlds were mainly iconic of the scientific 
phenomena while the graphs were mainly indexical and symbolic. In support of 
existing literature that explores the representational nature of multi agent-based 
computational models, in particular in relation to natural selection (Wilensky & 
Novak, 2010; Wilensky & Reisman, 2006), I propose that students related more 
easily to the worlds than the graphs because they could actually see the agents they 
were investigating. Therefore the worlds enabled the students to identify with 
individual agents and so acted as a gateway into the models; they could follow 
particular agents in the worlds and even imagine themselves as one of these agents. 
Whereas the graphs were more abstract and the students could not directly relate to 
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this data and so needed first to engage with the worlds (again only if a world was 
present in the model) before interpreting the graphs and determining trends. 
Some evidence for the different roles played by the worlds and graphs in 
affording the students’ abductive reasoning can be seen in each episode. Episode 1 
involved the students interacting with Model 1 that contained both a world and 
graphs. These students seemed initially to interpret the world, then identify with the 
agents in particular the infected humans and healthy humans, and then interpret the 
graphs. The students did not seem to have many issues interpreting the graphs once 
they had engaged with the world, requiring only some assistance from the DM, with 
the world seeming to support their interpretation of the graphs that enabled them to 
establish trends in the data. 
In contrast, during episode 2 the students interacted with Model 2 that only 
contained graphs and no world for the students to view. These students required 
considerable assistance from the DM to make sense of the graphs, likely because 
they had no world with which to engage and thus no agents with which to identify 
with and so had no framework with which to interpret the graphs. These students 
seemed to struggle to interpret the abstract nature of the graphs without the iconic 
nature of the world, but once they started interpreting the graphs they were able to 
determine trends in the data. 
Model 3 was the opposite of Model 2 as it only contained a world and no 
graphs, with the students not encountering any problems interpreting the world. They 
seemed to easily interpret the iconic world and very quickly identify with the agents, 
in particular the humans that were repeatedly bitten by the mosquitos near each of 
the ponds. The DM only needed to provide minimal assistance. These students were 
able to rapidly use this data to interact with the model in order to hypothesise, and 
despite having no access to graphical output they were still able to determine trends 
in the data. It is difficult to determine whether they were able to make less progress 
in their investigations (in particular developing conceptual understandings) due to the 
absence of graphs, but it certainly does not seem to have detracted from their 
hypothesising (which was impressively creative and speculative). 
Based on these findings I provide further evidence for existing research (e.g. 
Ainsworth, 1999; Cox, 1999; Tytler & Prain, 2010) that demonstrates that all 
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representations created and/or used by students to develop understandings of 
scientific phenomena are partial. I suggest that the worlds and graphs provided the 
students with different insights into natural selection; the worlds mainly provided 
students with an agent-based view of the core processes of natural selection, while 
the graphs mainly enabled them to determine the trends in the data that underpinned 
their noticing of the anomalies. In this way I also support existing literature (e.g. 
Prain et al., 2009; Waldrip et al., 2006, 2010) in regards to the need for students to 
create and/or use a variety of different representations in order to develop a 
comprehensive understanding of scientific phenomena. I also provide further 
evidence for research (e.g. diSessa, 2004; diSessa et al., 1991; diSessa & Sherin, 
2000) demonstrating the importance of students’ meta-representational competence 
for constructing their own understandings of science phenomena. The students in this 
study were only able to successfully execute abductive reasoning because they 
understood the meaning of the different representations manifest in the models and 
the way in which these could be used to explore natural selection. 
I suggest therefore that great care must be taken in designing multi agent-
based computational models that will function as epistemic mediators of abductive 
reasoning about natural selection. I have demonstrated that such models should not 
just contain graphs, as this data is too abstract on its own for the students to interpret. 
Rather graphs should be accompanied by a world in which students can see, and 
identify with, agents. However what is not clear is whether the presence of just a 
world in a model on its own is less valuable for abductive reasoning than a 
combination of a world and graphs. While this research does not enable me to answer 
this question with certainty, indeed more research needs to be conducted, I suggest 
that due to the partial nature of the worlds and graphs as representations, and in 
particular the importance of graphs for establishing trends in the data, that a 
combination of these different representations is most productive for affording 
students’ abductive reasoning.  
5.3.4 The link between models and the real world 
Another way in which the representations that constituted the models should be 
considered is the relationship between these models and the real world, and how this 
impacted the role of these models as epistemic mediators that afforded the students’ 
abductive reasoning. In other words the status of the models as simulations of reality 
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should be further explored. Again I am seeking here to contribute to and extend the 
work of Lehrer and Schauble (2006, 2010, 2012) and Lehrer et al. (2008) that 
concerns the various ways in which models relate to the real world, in particular the 
natural world, and scientific knowledge, in particular biological knowledge. Such an 
exploration of the relationship between models and reality can again be traced back 
to Peirce (1998d), this time his articulation of semiosis as signs not just relating to 
reality but to other signs in a continuous process. 
 Both the students and DM seemed to perceive the models as simulations of 
the real world; they captured key characteristics of natural selection as it relates to 
the epidemiology of malaria and the human genome. Further it seems that the 
students and DM perceived the world as more closely resembling reality than the 
graphs, evident in their looking to the worlds first before attempting to interpret the 
graphs. This partially accounts for why the world was more easily interpreted (than 
the graphs) by the students and more readily used as the basis for hypothesising. The 
worlds were mainly iconic in their representation of the reality of the functioning of 
malaria as a selection pressure on the human genome and the epidemiology of this 
disease. Whereas the graphs were more indexical and symbolic in their 
representation of this reality. In a sense the worlds were ‘more real’ than the graphs. 
I extend the work of Lehrer and Schauble (2006, 2010, 2012) and Lehrer et 
al. (2008) by arguing that these different relationships between the worlds, graphs 
and real world led to the students in each episode using the different models to 
hypothesise (i.e. abductive reasoning) in different ways, including radically 
reconsidering reality. The students in episode 1 mainly used the graphs in Model 1 to 
hypothesise about the model, or more specifically the world created by the model 
(importantly not the real world), as they contemplated the absence of malaria. 
Whereas the students in episode 2 used the world and graphs to hypothesise about 
the broader body of scientific knowledge beyond the model as they speculated that 
the S allele appeared ex nihilo due to a genetic mutation. While the students in 
episode 3 used Model 3 to hypothesise about the real world as they suggested using 
blood bags attached to dummies located near ponds to attract mosquitos and thus 
prevent the spread of malaria. These students were able to use the model to radically 
reconsider the reality of controlling malaria.  
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While more research is necessary, I suggest that the different representations 
that made up each of these models were at least partially responsible for the different 
ways in which the students hypothesised. Perhaps Model 3 only containing the world 
made it easier for the students to hypothesise beyond the model to reality, whereas 
the other models having just graphs or a combination of graphs and a world led to 
hypothesising that stayed within the confines of the model (just the graphs in Model 
1) or stretched only to the broader body of scientific knowledge (the graphs and 
world in Model 2.). I suggest therefore that an important consideration when it comes 
to students’ using such models to conduct abductive reasoning in the science 
classroom is the different hypothesising made possible by the different 
representations that make up the models. Some questions then arise: Is it valuable for 
students to use models to radically reconsider reality? Magnani (2001, 2004, 2009) 
argues that this is certainly one way models are used in science. But would it be more 
valuable for students to use models to hypothesise within the confines of the model 
or at most to consider the broader body of scientific knowledge? I suggest that all 
three types of hypothesising are important if school science is to approximate 
authentic science. 
5.3.5 Using models as a part of inquiry that involves abductive reasoning 
I argue therefore that existing approaches to inquiry in the science classroom, 
specifically the representation-construction approach (e.g. Lehrer et al., 2008; Tytler 
et al., 2013), can be further developed through the use of multi agent-based 
computational models. These models should be recognised and utilised as epistemic 
mediators that afford abductive reasoning in the science classroom. However, at this 
stage, I only make this claim in regards to inquiry concerning natural selection 
because, as proposed earlier, these models are specifically designed to simulate such 
complex systems and so may not function as epistemic mediators in the same way 
for other topics in science (i.e. non-complex phenomena). 
 Such models are capable of creating the organic confusion (in contrast to 
induced confusion) that I argue is likely to lead both students and MKOs to engaging 
in abductive reasoning. Because multi agent-based computational models are capable 
of simulating chaos and emergence then they can generate anomalies that require 
students and MKOs to create generative leads via abductive reasoning (i.e. these 
anomalies create confusion that is productive). MKOs cannot predict every possible 
 370 
outcome of the models and because of this are likely to join students in the 
construction of the multimodal chain of abductive reasoning. The challenge for those 
wanting to implement such a form of inquiry is designing models that create 
anomalies that challenge (so productively confuse) both students and MKOs just 
enough so that they are prompted to engage in abductive reasoning.  
 Students can then collaborate with MKOs to interact with these models to 
creatively and speculatively hypothesise as a means of resolving the anomalies (and 
thus the confusion). But again the models must be carefully designed to afford and 
productively constrain this abductive reasoning, with careful consideration of the 
different representational outputs of the models. Therefore by interacting with such 
models both students and MKOs are able to undertake this important discursive 
practice of science; hypothesising as a means of discovery. 
5.4 Practical implications for the science classroom 
Thus far I have discussed the reconceptualisation of the creative aspect of discovery 
as abductive reasoning and the nature of this process, as well as the generative and 
rich nature of learning that such an approach to inquiry makes possible. In addition I 
have detailed the way in which multi agent-based computational models can function 
as epistemic mediators that afford students’ abductive reasoning about natural 
selection. But what about the practical realities of the science classroom and the way 
in which these impact such an approach to inquiry (and vice versa)? In this final part 
of the discussion I will explore: the social interactions between the students, DM and 
EO that made possible the students’ abductive reasoning; the role of the DM and EO 
as co-reasoners with the students; the way in which the specific practicalities of the 
classroom (e.g. time, resources, curriculum) impact abductive reasoning; and the 
real-world impact this research has had to date on science education. 
5.4.1 More knowledgeable others as overseers of students’ abductive 
reasoning in the science classroom 
The students, DM and EO, as outlined in the analysis, acted towards each other, 
looked at each other and spoke to one another in particular ways that made possible 
the execution of their manipulative, visual and sentential abductive reasoning moves. 
My aim is not to provide a detailed discussion of each of these different social 
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moves, but rather to argue that these social moves constituted a social framework 
(see Figure 5-3) within which different parts of the abductive reasoning system 
interrelated and in so doing made abductive reasoning possible. The abductive 
reasoning moves, I argue, would not have taken place without these social moves; 
the abductive reasoning moves cannot be separated from the social context in which 
they took place. In this way I am again extending the theoretical work of Peirce 
(1992a, 1998a, 1998b, 1998f) and Magnani (2009), and indeed Woods (2013), by 
exploring the social framework within which abductive reasoning takes place on the 
ground (i.e. empirically) and the way in which abductive reasoning is a capability 
that needs to be taught and learned. 
 
 
 
 
 
 
 
 
 
This close interlinking of the abductive reasoning moves and social moves 
can be seen in the way in which the social moves mirrored the abductive reasoning 
moves in their multimodal nature, as shown in Figure 5-4. The students, DM and EO 
executed action-based, visual-based and proposition-based social moves that 
mirrored their manipulative, visual and sentential abductive reasoning moves. Here I 
am extending Magnani’s (2001, 2009) differentiation between the three modes of 
Figure 5-3 The social framing of abductive reasoning 
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abductive reasoning to the social realm, which sits outside of but still shapes the 
reasoning process. 
 
 
 
 
 
 
 
The social moves were also distributed much like the abductive reasoning 
moves, but in a different way, as shown in Figure 5-5. They were distributed in the 
sense that they constituted the interactions between the students, DM, EO, models 
and iPads. The social moves were necessarily social and therefore relational. 
However as represented in Figure 5-5, the role of the models and iPads in this social 
framework was somewhat different from the human components of this system. The 
arrows only point from the students and MKOs to the models and iPads and not in 
the other direction, and there is no direct social connection between the models and 
iPads. In this way the models and iPads, I propose, were not social agents like the 
students, DM and EO, but they were still a part of this social framework as they were 
indirectly involved in the interactions between the humans. This was further reflected 
in the way the social moves were coded as the models and iPads were not identified 
as executing social moves. In this way I am tentatively extending the research that 
considers the distributed nature, in particular material semiotic nature, of exploration 
in science (e.g. Latour, 1986, 1987; Latour & Woolgar, 1986) and science education 
(e.g. Sorensen, 2009) to computer-mediated abducted reasoning, in particular the 
way in which digital technology (such as computer models and iPads) fits into the 
social framework that seems to frame this reasoning process. 
 
Figure 5-4 The multimodal nature of the social moves 
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In exploring the multimodal and distributed nature of these social moves I am 
seeking to contribute to research (e.g. Mercer, 1996; O'Keefe et al., 2006; Tytler & 
Aranda, 2015) exploring the interactions that drive learning (including reasoning) in 
the classroom, which has identified particular forms of student collaboration (both 
verbal and non-verbal) and highly strategic and timely support and encouragement 
from teachers as facilitating productive learning outcomes for students. My research 
is new because to date the interactions that underpin abductive reasoning have not 
been explicitly explored. This is primarily because to date the creative aspect of 
discovery has not been considered a logical process (so amenable to identification 
and analysis) that is a legitimate part of reasoning and which can be explicitly taught 
and learned. 
By focusing in particular on the social moves of the DM and EO, I propose 
that these moves enabled the MKOs to support and encourage the abductive 
reasoning of the students. The DM and EO were overseers of the students’ abductive 
reasoning. Social moves that explicitly supported and encouraged the students to 
engage in abductive reasoning, such as the MKOs endorsing the students’ abductive 
reasoning by verbally commenting on their hypothesising as well as directly 
encouraging them to reason in this way, appeared to be integral to students 
successfully reasoning in this way. Very often the students’ social moves were in 
Figure 5-5 The distributed nature of the social moves 
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response to these social moves of the DM and EO or were executed by the students 
in order to seek this guidance of the MKOs.  
I propose therefore that a key component of teaching and learning when it 
comes to abductive reasoning in the science classroom as a part of inquiry are the 
social moves of the MKOs, with the students’ social moves underpinning the 
learning process. This involves MKOs acting, looking and speaking in particular 
ways that make students comfortable and confident to creatively and speculatively 
hypothesise, in particular students must not be anxious about generating ideas that do 
not match canonical science. These social moves could include verbally commenting 
on the students’ hypothesising and explicitly encouraging them to engage in 
abductive reasoning, which can manifest as the MKOs encouraging students to 
‘play.’ Students also need to execute social moves that elicit this type of support and 
encouragement from their peers and MKOs. These social moves not only facilitate 
collaboration between students and MKOs in the execution of abductive reasoning, 
but they also enable MKOs to explicitly teach (through encouragement and support) 
students about abductive reasoning. However more research is required to determine 
the specific social moves that most effectively foster this abductive reasoning in the 
science classroom.   
5.4.2 More knowledgeable others as co-reasoners with students in the science 
classroom 
But what about the abductive reasoning moves of the DM and EO? I argue that while 
on many occasions the MKOs were simply modelling particular abductive reasoning 
moves for the students and often mirroring what the students did and saw, that on 
other occasions they were deeply engaged in the act of discovery. I propose that 
MKOs can most effectively support and encourage students’ abductive reasoning not 
just by overseeing this reasoning process through the execution of social moves, but 
also by actively participating in this process of discovery by executing particular 
abductive reasoning moves. 
 During episode 1, the DM for the most part stood at a remove from the 
abductive reasoning process as they mainly used social moves to support and 
encourage the students’ abductive reasoning. In this case I suggest that the DM was 
involved in the abductive reasoning but at a superficial level. She was neither 
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surprised nor confused by the disappearance of malaria and hence was not compelled 
to pursue new ideas to resolve the anomaly.  
However the situation was quite different for episode 2 and episode 3 during 
which the DM and EO not only acted as overseers of the students’ abductive 
reasoning, but also became intimately involved in this process beyond the simple act 
of modelling abductive reasoning moves for the students or mirroring the students’ 
moves. In both cases the DM and EO were genuinely surprised and confused by the 
discoveries made by the students and as such I propose they were likely to be 
cognitively and emotionally invested in the investigations; they seemed compelled to 
participate in the abductive reasoning. They executed particular abductive reasoning 
moves for the purpose of creatively and speculatively hypothesising in order to 
resolve the anomalies (and resolve their confusion/doubt) and in so doing 
participated in the discovery process. The MKOs were not only overseers of the 
abductive reasoning process, but also I argue co-reasoners with the students. The DM 
and EO, just like the students, had an epistemic itch, caused by the anomalies in the 
models, that they needed to scratch. And they did so by joining in with the students’ 
abductive reasoning. When the MKOs become involved in this more intimate way 
with the abductive reasoning system, I suggest that the hypothesising became even 
more productive in terms of constituting new, rich and complex ideas. 
I seek therefore to extend the literature (e.g. Calder, 2015; Crawford, 2007; 
Hume, 2009; Tan & Caleon, 2016) that positions teachers in the context of inquiry as 
guides for student exploration (scaffolding students and targeting their zones of 
proximal development) and as MKOs who have a very clear idea as to the likely 
outcomes. Specifically I propose a definition of the role of MKOs that is aligned with 
Hammer’s (1997, p. 485) notions of “discovery teaching” and “teacher inquiry.” I 
propose that abductive reasoning in the science classroom, as a part of inquiry, is 
likely to be more productive, in terms of students’ developing their own ideas about 
scientific phenomena and the discursive practices of science, when MKOs are both 
overseers and co-participants of the abductive reasoning process. This requires, I 
argue, MKOs experiencing the organic confusion (i.e. contracting an epistemic itch), 
along with the students, that drives abductive reasoning. Hence I suggest that both 
MKOs and their students need to be comfortable in a state of confusion/doubt and 
this must be recognised as productive in order to facilitate learning. 
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However if MKOs are not prepared or comfortable with this confusion then 
the evidence from this study shows that this process of discovery is likely to be 
undermined and the inquiry approach is unlikely to lead to discovery. This occurred 
in episode 3 in which the DM was not comfortable with the confusion caused by the 
marauding mosquitos and initially directed the students to avoid the anomaly, until 
she realised the richness and complexity of the students’ ideas and embraced the 
anomaly as productive. However more research is required to explore precisely how 
MKOs might go about developing these dual roles. 
5.4.3 Time, resources and the curriculum 
The abductive reasoning that took place was also subject to certain practical elements 
that should be acknowledged when considering this abductive reasoning-based 
approach to inquiry. Time is always limited in the science classroom, particularly 
when it comes to inquiry which requires considerably more time than direct 
instruction (Barrow, 2006; e.g. Cobern et al., 2010; Hammer, 1997; Tan & Caleon, 
2016). In each of the three episodes in this study, the DM had to truncate the 
students’ abductive reasoning because time was running out and certain tasks had to 
be completed. Science education centres such as that featured in this research are 
hothouse environments in which many tasks are packed into short periods of time 
(Johnston & Rennie, 1995; Rennie, 1993, 1994; Rennie & Elliott, 1991). While 
schools are often not under the same time constraints as in these informal educational 
contexts, both teachers and students are still required to complete certain tasks in set 
periods of time. Despite this limitation of time I suggest that it should still be 
possible to achieve a form of inquiry that embraces abductive reasoning through 
extended inquiry activities that take place over a number of weeks at school. 
However this requires a shift away from completing set tasks in short periods of time 
to a focus on the process of discovery. But even so this extended inquiry would not 
be possible at science education centres because students only visit for the day. This 
further highlights a point well made in the literature (Falk & Balling, 1982; Falk & 
Dierking, 1997; Falk, Martin, & Balling, 1978; Falk & Needham, 2011); schools 
must work closely with informal educational contexts in order for students to get the 
best learning outcomes. Inquiry needs to take place across these different educational 
contexts.  
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The limitation of resources is similarly important. Students and MKOs need 
to have access to the necessary epistemic mediators, including I suggest multi agent-
based computational models, in order to undertake this abductive reasoning. While 
science education centres are rich in this regard (Falk et al., 2004; Gregory, 1989; 
Rennie & McClafferty, 1995; Stevenson, 1991), many schools may lack these 
resources required for inquiry (Bevins & Price, 2016; Hammer, 1997; Tan & Caleon, 
2016). But students and teachers can overcome this limitation I propose by visiting 
these informal educational contexts as well as taking advantage of their online 
support and resources. This opens up a potentially productive role for such informal 
educational contexts in supporting and exemplifying abductive reasoning, including 
through multi agent-based computational modelling. 
 The final practical consideration is the curriculum, which in the Australian 
context is the Australian Curriculum: Science (2016). As Tan and Caleon (2016) and 
Hammer (1997) suggest, the curriculum must endorse inquiry otherwise teachers are 
not confident and comfortable implementing it in the science classroom. While this 
thesis does not involve a detailed analysis of the curriculum, I do suggest that 
although the Australian Curriculum: Science greatly values hypothesising it is still 
framed by classical logic and as such the creative aspect of discovery is black boxed. 
Abductive reasoning is not valued as such in the curriculum, whereas deductive 
reasoning and inductive reasoning are noticeably present. As long as this remains the 
case then it will be difficult to realise a form of inquiry that emphasises abductive 
reasoning. I discussed earlier the need for those operating in science education to 
challenge classical logic and embrace the naturalisation of logic; this must extend to 
the curriculum. Indeed in many ways it must begin with the curriculum, but precisely 
how this can take place is a question beyond the scope of this thesis. 
5.4.4 Current status of the workshop and models 
In closing my consideration of the practical implications of this research, I point out 
that the workshop that was designed and implemented as a part of this study is 
currently run by the Centre at which the research was conducted. While the 
workshop was modified following the research in order to better fit with the existing 
suite of workshops offered by the Centre, the computer session has remained largely 
the same (including the computer models). In addition Simon Lynch, who co-
deigned and co-built the computer models, has overseen the use of these models at a 
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science education centre in the UK (including as a part of a gaming and education 
exhibition) as well as at a number of schools. This demonstrates the impact of this 
research on the ground to date and the potential for it to further influence science 
education, in particular discovery in the science classroom.  
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6 Conclusion 
In this final chapter I summarise my response to the research questions by outlining 
my key findings. I consider the potential audience for this research by contemplating 
the significance of my findings. I then reflect on the method/methodology employed 
and consider future possibilities as well as limitations of the research. I finish by 
considering the thesis as an important part of my academic journey. 
6.1 Key findings in response to research questions 
I return now to the research questions that framed this study and thus necessarily my 
key findings. It needs to be kept in mind that each of these questions relates 
specifically to students’ explorations of natural selection in the context of the science 
education centre, investigated via the use of multiple video records. 
Research question 1: What is the nature of the students’ abductive reasoning when 
identified and analysed as a logical process that is a legitimate part of reasoning? 
Through using the software Studiocode to code and analyse three episodes of 
students exploring various anomalies I propose, using the work of Peirce (1992a, 
1998a, 1998f) and Magnani (2001, 2009), that these students were undertaking 
abductive reasoning. They were using the multi agent-based computational models 
(henceforth just models) to engage in a complex and creative process of 
hypothesising to solve the anomalies. By constructing and observing timelines of 
these episodes I argue that the students executed complex sequences of manipulative, 
visual and sentential abductive reasoning moves, which were supported by particular 
social moves, that formed distinctive patterns that I present as principles to define 
this computer-mediated abductive reasoning. These are the core processes that 
determined the abductive reasoning. In this way I argue that the students’ speculative 
and intuitive interactions with the models were a legitimate form of reasoning that 
can be deconstructed in a logical manner. 
 I used these principles as the evidential underpinning for my exploration of 
the meta-level characteristics of the abductive reasoning process. In this way I argue 
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that this abductive reasoning was multimodal in nature. The students constructed 
multimodal chains of abductive reasoning, in order to hypothesise solutions to the 
anomalies, such that their creative reasoning was always evident as a triad of 
manipulative, visual and sentential abductive reasoning moves. I suggest that the 
students’ manipulative and visual abductive reasoning moves constitute informal 
reasoning while their sentential abductive reasoning moves constitute formal but 
sometimes informal reasoning. The demonstrator’s (DM) and education officer’s 
(EO) abductive reasoning was similarly multimodal in nature. In addition I propose 
that the students’ abductive reasoning was distributed, emerging as they interacted 
with each other, the DM, EO, models and iPads. An abductive reasoning system 
consisting of the students, DM, EO, models and iPads was engaged in the 
hypothesising, and not any one individual or machine. This finding is an extension to 
the learning context of Magnani’s (2001, 2009) and Peirces’ (1992g, 1998e) models 
of abductive reasoning as multimodal and distributed, and a validation through 
empirical investigation of their theoretical ideas. 
The nature of the students’ abductive reasoning is also, I argue, a continuous 
process, specifically hypothesising, and not defined by the products that are 
produced, the hypotheses. This hypothesising varies in formalness; it was present in 
manipulative, visual and sentential forms with the latter normally labelled as 
hypotheses but which I suggest should be conceptualised as a continuation of the 
hypothesising process. While hypothesising often moved from the less formal to 
more formal, so from manipulative to visual and finally to sentential, this was not 
always the case as hypothesising in all its forms was valuable as the generation of 
new ideas. Thus I use empirical evidence to extend Magnani’s (2001, 2009) ideas 
concerning formal and informal reasoning, based on Peirce (1992g, 1998e), to 
learning. In the process I challenge his focus on hypothesising primarily in relation to 
the hypotheses produced. 
I also propose that the students were, by engaging in this process of abductive 
reasoning with their peers, DM, EO, models and iPads, undertaking rich and 
generative learning. While the students may not have constructed understandings of 
natural selection that matched those of canonical science, they were able to create 
myriad generative leads. The students created a range of new, rich and complex ideas 
about the epidemiology of malaria and its functioning as a selection pressure on the 
human genome. In this way I argue that the representation-construction approach, as 
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a form of inquiry that recognises abductive reasoning as a logical process involving 
multiple modalities, can lead to generative and rich learning in the science classroom 
through involvement of students in discovery processes. 
I further suggest that the students’ abductive reasoning was made possible by 
the social moves executed by the students, DM and EO; these social moves held the 
abductive reasoning system together. They formed a social framework within which 
the abductive reasoning process played out. Without this social framework it is 
unlikely that the students could have conducted such creative and speculative 
hypothesising. 
I also argue that it was via their social moves that the EO and DM were able 
to explicitly support and encourage the students’ abductive reasoning. But I also 
propose that when the DM and EO became intimately involved in the abductive 
reasoning, as opposed to simply overseeing it, then the abductive reasoning system 
became more powerful in terms of creating new ideas. Key to the DM and EO 
supporting and encouraging the students’ abductive reasoning was a combination of 
their explicit support and encouragement, in the form of certain social moves, but 
also their intimate involvement in the abductive reasoning process. 
Research question 2: How do NetLogo models function as epistemic mediators that 
afford students’ abductive reasoning? 
I propose that the NetLogo models functioned as very effective epistemic 
mediators that afforded the students’ abductive reasoning. By interacting with the 
models, the students were able to hypothesise in a creative and speculative way. 
These models enabled the students to hypothesise beyond what was made possible 
by just using their minds and bodies, even enabling the students to radically 
reconsider reality. The combination of iconic, indexical and symbolic data output, 
which the models generated, allowed the students to hypothesise in different ways 
with different representational forms as they explored the different aspects of natural 
selection and the epidemiology of malaria. 
In addition, the models also generated the anomalies that engendered the 
surprise and confusion/doubt that provided the impetus for the students to undertake 
abductive reasoning. The models served as both a source of confusion/doubt (i.e. 
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they provided the epistemic itch that the students needed to scratch) and the means to 
generate new ideas to resolve these anomalies. As a form of digital technology that 
afforded abductive reasoning in the context of discovery in the science classroom, in 
particular in relation to representation-construction, I argue that the models were 
most effective. 
I also suggest that there were important practical factors at play, which 
influenced the nature of the abductive reasoning and the use of the models as 
epistemic mediators that afforded this reasoning process. Considerable time and 
resources were required to allow students to undertake productive abductive 
reasoning, but I argue that such a form of inquiry is achievable if the focus of 
educators shifts from achieving set tasks in limited time to engaging in the discovery 
process through abductive reasoning. In this regard I suggest that it is valuable for 
schools to work closely with informal educational contexts, such as science 
education centres, to ensure that the time and resources needed for such an approach 
are available. I also argue that in order to support this critically important aspect of 
inquiry processes, the Australian Curriculum: Science needs to shift attention to the 
creative aspect of discovery as a logical process, which is framed by the naturalised 
logic, rather than focusing on the classical logic. 
6.2 Research audience and significance of findings 
An important question to ask in concluding this thesis is: who would be interested in 
this research, in particular who might benefit from this study? This question directly 
relates to the significance of my findings; research is only significant in relation to 
someone, it is not significant in its own right. I propose that those who may benefit 
from this research include: students; more knowledgeable others (MKOs, so teachers 
in schools as well as educators in informal educational contexts such as science 
education centres); policy makers; and educational researchers. By considering this 
potential audience, the significance of my study becomes clearer. 
 I suggest that students, MKOs and researchers could benefit from this study 
as it provides a possible way forward for advancing discovery in the science 
classroom, in particular the representation-construction approach to inquiry. By 
reconceptualising the creative aspect of discovery as the logical process of abductive 
reasoning and starting to identify and analyse the processes that constitute this form 
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of reasoning, then discovery can be better supported and encouraged in the 
classroom. This may enable a better approximation of authentic science in the 
classroom, which is a primary goal of inquiry. This is an approach to learning that 
values the generativity and richness of students’ ideas, distinct from their ability to 
approximate canonical science.  
In addition I argue that students’ abductive reasoning in the science 
classroom can be effectively afforded through the use of computer models, in 
particular multi agent-based computational models such as NetLogo. By using such 
models, students can work with MKOs to create and explore an array of new, rich 
and complex ideas as they collaborate to explore scientific phenomena. In addition, 
the possible world of representations that researchers can explore, as they try to 
determine the way in which representations function to facilitate learning, is 
expanded. The representation-construction approach is extended into the digital 
realm, while those already investigating the value of multi agent-based 
computational models as representations for learning about complex systems are 
challenged to consider the way in which such models relate to abductive reasoning. 
This research is also relevant for policy-makers, in particular those 
responsible for determining curricula, as well as for researchers, because it suggests a 
rethinking of the way in which reasoning is presented in curricula. Based on this 
study I suggest that as long as the classical notion of reasoning (that which is 
determined by the classical logic) is exclusively represented in curricula then the 
potential for discovery in the science classroom is compromised. If, however, the 
naturalised notion of reasoning (that which is determined by the naturalised logic) is 
emphasised in curricula then the creative aspect of discovery is endorsed as a 
legitimate part of reasoning, which can then be identified, supported and encouraged 
in the classroom. Conceptualising the student as a practical agent of reasoning, who 
executes abductive reasoning to great effect, is far different from conceptualising the 
student as reasoning only when they are acting as an idealised logical agent.  
6.3 Review of method 
I now consider the way in which the students’ computer-mediated abductive 
reasoning was analysed through the use of video data, specifically by employing a 
Magnanian (2001, 2009) lens that builds on the work of Peirce (1992a, 1992c, 1998a, 
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1998b, 1998e, 1998f, 1998g). I argue that the use of video is particularly useful for 
exploring and defining abductive reasoning in the science classroom because it 
enables the theoretical work of Magnani (2001, 2009) and Peirce (1992a, 1998a, 
1998b, 1998f) to be extended to the empirical realm. I have shown that through the 
use of video that these philosophical ideas of Magnani and Peirce (rooted as they are 
in theory) can be pragmatically and generatively used in the context of educational 
research.   
This study demonstrates that video is particularly suited to capturing the 
informal aspects of abductive reasoning in the science classroom, as manifested in 
students’ manipulative and visual abductive reasoning moves. Video can capture not 
only students’ actions, but also what they look at and the way they use their bodies to 
explore scientific phenomena. While at the same time video can also capture the 
sentential abductive reasoning moves that define the formal aspects of the abductive 
reasoning process. Video can record what students say, write and photograph. In this 
way through the use of video data I propose that it is possible to explore, and start to 
establish, the multimodal nature of abductive reasoning.  
But more than this, video can capture the distributed nature of abductive 
reasoning, which can be used to explore the abductive reasoning system from which 
abduction emerges. Video not only captures the human element of teaching and 
learning, but also the epistemic mediators that can afford students’ abductive 
reasoning. In this way video can also provide insights into the social context within 
which abductive reasoning takes place. I thus propose that by using a Magnanian 
(2001, 2009) lens, informed as it is by Peirce (1992a, 1998a, 1998b), that meaning 
can start to be made, via a process of identification and analysis, of the creative 
process that drives student discovery in the classroom. 
As I argue throughout this thesis, abductive reasoning is a process and not a 
product. Video is sensitive to the dynamism (temporal and spatial) and complexity 
that defines abductive reasoning as a process. I propose that abductive reasoning can 
only be properly understood and recognised as a fundamental part of scientific 
reasoning in the classroom through the use of video. Video seems the only way to 
catch a glimpse of this most transient of processes. Abductive reasoning finds form 
(even if temporary) in video, and as such the theoretical ideas of Peirce (1992a, 
1998a, 1998b, 1998f) and Magnani (2001, 2009) find pragmatic form in this video. 
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Through the use of video data I was able to provide empirical evidence for the 
process of abductive reasoning that Peirce and Magnani explore in thought and the 
use of historical examples. I suggest that any effort to explore the potential of a form 
of inquiry that recognises abductive reasoning, as promoted in this thesis, needs to 
involve the use of video for the purposes of research. And I further argue that the 
work of Magnani and Peirce provides a powerful theoretical lens through which to 
make sense of the realities of discovery in the science classroom as manifest in video 
data. 
In addition I propose that the use of video as data is aligned with the 
naturalised logic that is espoused by Magnani (2009, 2015a, 2015b) and Woods 
(2013). Video is able to capture reasoning as a process that is agent-based and 
determined by both time and resources. It seems ideally suited to capturing particular 
students’ reasoning in a specific science classroom during a particular lesson in order 
to explore and learn about specific scientific phenomena. The student as she/he 
appears in video is a practical agent of reasoning and not an idealised logical agent. 
Video is also sympathetic to the pragmatic approach so important to Peirce 
(1998d, 1998e, 1998h). The principles that I propose to define students’ computer-
mediated abductive reasoning, specifically the complex sequences of abductive 
reasoning moves and social moves, were only determined because of the 
abovementioned affordances of video. I therefore suggest that video is central to 
efforts to determine the conceivable effects of abductive reasoning in the science 
classroom, which will form our entire conceptions of abductive reasoning (in other 
words which define abductive reasoning).  
6.4 Challenges and future possibilities 
Now I will detail some of the limitations of this research, and the broader challenges 
of exploring abductive reasoning in the science classroom, as well as make some 
suggestions as to possible future research. 
 Firstly it was sometimes difficult to determine whether an interaction 
captured in the video data was an abductive reasoning move or a social move. On 
other occasions it was difficult to differentiate between the different abductive 
reasoning moves as they played out in the video, similarly with the social moves. 
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This suggests that the categories of the abductive reasoning moves and social moves 
need to be further refined, which can only be achieved through the collection of more 
classroom video data and continuation of the analysis started in this study. This 
further collection and analysis of video data might also help to more clearly 
differentiate between the three forms of reasoning (i.e. deduction, induction and 
abduction) as they play out in the real world (i.e. not in theory). In the process of my 
analysis I noticed that sometimes abductive reasoning seemed to shade into 
deductive reasoning and inductive reasoning (and vice versa), such that it was 
sometimes difficult to determine the precise nature of the reasoning taking place. 
This hints at the difficulties likely to be encountered as Magnani’s (2001, 2009) and 
Peirce’s (1992a, 1998a, 1998b, 1998f) theoretical ideas are further applied to the 
empirical context. 
 Another limitation of this research was the absence of a test of learning. Any 
short-term gains in student’ conceptual understandings and meta-representational 
competence was determined based on the students’ performance on the pre-test and 
post-test, however there was no measure of possible long-term learning gains. This 
was mainly due to the focus of this research on the students’ experiences at the 
science education centre, specifically their involvement in discovery, and the fact 
that minimal follow-up work was done with the schools. Thus no measure of 
learning (i.e. long-term changes in students’ scientific knowledge and skills) was 
possible. Future research could address this issue by following the relationships 
between abductive reasoning and learning over longer sequences of activity, over 
longer time periods. However there is an important caveat; as suggested in the 
analysis it seems that tests are not well equipped to provide insights into students’ 
abductive reasoning. Such tests are not sensitive to the complexity and dynamism of 
abductive reasoning in action, whereas video appears to serve this purpose well. As 
long as the research focus remains the exploration of the nature of abductive 
reasoning (which was the primary focus of this study), as opposed to the impact of 
abductive reasoning on measurable outcomes of learning, then the value of tests will 
remain questionable. 
 Another challenge of continuing this research I suggest will be to negotiate 
the tension that exists between the student perspective, which is necessitated by the 
naturalised logic (which Woods (2013) points out is agent-based), and the 
importance of acknowledging the distributed nature of abductive reasoning that is 
 387 
proposed by Magnani (2001, 2002, 2009) and Peirce (1998b, 1998g) and that is 
supported by this research. I experienced this tension when conducting this study. 
While it is important to retain focus on the students, as they are the central figures of 
the teaching and learning process in regards to abductive reasoning in the science 
classroom, this must be balanced against the need to further explore the role played 
by other parts of the distributed system from which abductive reasoning emerges. In 
particular I argue there is a need to better understand the role played by epistemic 
mediators such as multi-agent based computational models. One possible way 
forward might be to explore actor-network theory, using the work of Latour and 
Woolgar (1986), Latour (1987) and Sorensen (2009) among others, to investigate the 
way in which this approach might inform the Magnanian (2001, 2009) approach to 
abductive reasoning. 
 Finally in order to continue the exploration of realising abductive reasoning 
in the inquiry classroom, I propose that it is necessary to more precisely determine 
the way in which MKOs can support and encourage students’ abductive reasoning. 
This would require further video analysis of abductive reasoning in action in the 
science classroom, with a focus on the social moves of the MKOs. In addition, 
interviews with MKOs and students might provide further insights. It is also 
necessary, I argue, to develop a more comprehensive understanding of the specific 
representational features of multi agent-based computational models that can most 
effectively afford students’ abductive reasoning, particularly when it comes to 
teaching and learning natural selection. What defines these models as epistemic 
mediators that can afford students’ abductive reasoning? This would require a 
detailed semiotic analysis of such models, with input from both the users of the 
models (i.e. the students and MKOs) and the designers (i.e. the researchers). 
6.5 Personal reflection 
In closing I briefly reflect on this research as a part of my academic journey. In the 
course of conducting this study and writing my thesis, I have not only significantly 
developed my knowledge and skills as a researcher in education, but have also 
developed intellectual and professional relationships with fellow researchers as well 
as MKOs working in schools and a science education centre. Through these 
relationships I am broadening my research horizons. 
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 I have also developed an even greater appreciation for the role played by 
educators, in both formal and informal educational contexts, in the teaching and 
learning process. As well as realising the capability of students to conduct complex 
and powerful forms of reasoning in the classroom; in the words of Woods I have 
certainly come to realise that students are not inferential misfits! I have also 
developed a strong connection to an approach to investigating reasoning in science 
education, specifically based on the ideas of Peirce and Magnani, that I not only find 
intellectually invigorating but which I think has the potential to lead to further 
interesting and productive insights into science students’ reasoning. I am genuinely 
excited about the future of this research. 
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